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Transparent Conducting Oxide Clad Limited Area Epitaxy Semipolar  






 Basal plane III-nitride laser diodes have been commercialized for wide ranging 
technologies, including pico projectors for solid state RGB displays, optical data storage and 
automotive headlights. Active research is focused in solid state lighting and visible light 
communications. Despite widespread commercialization, c-plane devices are affected by the 
inherent spontaneous and piezoelectric polarizations of the basal plane. These polarization 
effects are significantly reduced in semipolar planes of GaN, creating a vast design space for 
III-nitride optoelectronic devices.  
 III-nitride semipolar laser design and performance are considerably affected by the 
material composition and growth conditions of the cladding layers. The bottom cladding 
design is limited by stress relaxation of ternary alloys while the top cladding is limited by the 
growth time and temperature of the p-type (Al,In,Ga)N layers. These design limitations have 
been independently addressed by using limited area epitaxy (LAE) to enable n-AlGaN 
bottom cladding layers and by using thin p-GaN and transparent conducting oxide (TCO) top 
cladding layers.  
 xiii 
 
 In this work, we investigate a new laser design that simultaneously incorporates 
LAE-enabled n-AlGaN bottom cladding and thin p-GaN and TCO top cladding layers in 
(  III-nitride laser structures. We evaluate the performance of two different TCOs as 
the top cladding layer: indium-tin-oxide (ITO) and zinc oxide (ZnO). Thorough optical 
modeling of the LAE-TCO laser design will be discussed for various Al compositions in the 
LAE-enabled n-AlGaN bottom cladding and varying p-GaN thicknesses in the top cladding. 
The LAE-TCO laser design was first demonstrated using ITO as the top cladding layer, with 
pulsed lasing achieved at 446 nm with a threshold current density of 8.5 kA/cm2 and a 
threshold voltage of 8.4 V. Insights from the optical modeling in conjunction with 
improvements in the LAE-TCO laser fabrication process led to the demonstration of the 
LAE-TCO design using ZnO as the top cladding layer, with pulsed lasing achieved at 445 
nm with a threshold current density of 5.6 kA/cm2 and a threshold voltage of 6.7 V. This 
notable improvement in threshold current density and voltage led to the first continuous 















1.1 Introduction to III-nitride material system 
 
AN and its ternary and quaternary alloys constitute a very versatile 
material system for optoelectronic device design and development. The 
wurtzite III-nitride has direct bandgap emission, which ranges from 0.7 eV to 6.2 
eV.1–5 This emission range spans the full spectrum and enables light emitting 
diode (LED) and laser diode (LD) operation in infrared, visible and UV 
wavelengths.6 The breakthrough of high quality p-GaN doping was the essential 
G 
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development that really established the III-nitride material system as a 
powerhouse in the optoelectronic market. 5,7–9 
 State-of-the-art III-nitride LEDs and LDs are grown on the c-plane 
wurtzite crystal structure.10,11 Despite widespread commercialization, c-plane 
devices are nonetheless affected by the inherent spontaneous and piezoelectric 
polarizations of the basal plane.12–14 The negative impacts of c-plane polarization 
fields include fixed charges at heterointerfaces that cause spatial separation 
between electron and hole wave functions that reduces radiative recombination 
probability,14–16 the occurrence of the quantum confined Stark effect (QCSE),17,18 
and V-defects during metalorganic chemical vapor deposition growth 
(MOCVD)19,20.  
In contrast, these polarization discontinuities can be significantly reduced 
in semipolar planes and eliminated in nonpolar planes of GaN, creating a wide 
design space for III-nitride optoelectronic devices.21,22 Semipolar planes also have 
favorable band structure for higher gain relative to c-plane due to increased 
splitting of the valence band and reduced hole mass or increased curvature of the 
valance bands.23–25 These benefits are predicted to be more prominent in the  
(202̅1) plane relative to the basal plane.25–27 Semipolar LDs have several 
advantages over c-plane LDs, including reduced transparency carrier density, 
increased optical gain, and reduced blue shift in wavelength with increasing 
current density.22,28  
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 1.2 GaN-based laser applications and design 
The applications of semipolar GaN-based lasers have been discussed at 
length in literature.2,10,11,15,29–33 Such LD-based applications include visible light 
communications (VLC)34–39, laser based solid state lighting,11,15,30 and pico 
projectors.40,41 The recurring goal of GaN-based laser research it to develop laser 
structures with low threshold conditions, high output power in pulsed or 
continuous wave operation, low differential resistance and high differential 
resistance and wall plug efficiency. There are many components of a laser 
structure that can be optimized, but this dissertation we will only focus on top and 
bottom cladding design. The next two sections, Chapter 1.3 and 1.4, will outline 
the design limitations for each cladding, some of the current solutions to these 
limitations. Chapter 1.5 will outline the new proposed (202̅1) laser design 
structure that we aim to develop and demonstrate.  
 
1.3 GaN-based laser top cladding design  
 The top cladding for III-nitride LDs is typically comprised of p-type 
(Al,In,Ga)N layers. The performance of these devices is limited by the high 
electrical resistivity and growth temperature of p-type AlGaN. Several groups 
have investigated improving p-AlGaN resistivity for various Al compositions and 
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by various growth and doping methods.42–48 All of these studies consistently 
found p-AlGaN resistivity to be higher than p-GaN resistivity. High resistivity 
layers are not desirable because they increase device operating voltages. p-AlGaN 
cladding layers are normally grown at temperatures higher than 1030 °C.49 Such 
high p-cladding growth temperatures result in thermal damage of the InGaN 
quantum wells (QWs) in the active region, particularly for blue and green LDs, 
which require higher In contents (>15%).50 To mitigate these issues, p-cladding 
can be grown cooler than optimal temperatures,51 but this approach leads to 
increased electrical resistivity of the p-cladding layers. This increases the 
operating voltage and heating and reduces the wall plug efficiency of GaN LDs. 
 An alternative to growing AlGaN p-cladding at lower than optimal 
temperatures is to utilize non-epitaxial cladding layers to replace a part of the III-
nitride p-cladding. Violet and blue c-plane LDs have been demonstrated using 
evaporated/sputtered Ag and APC (Ag-Pd-Cu) alloy and indium-tin-oxide (ITO) 
top claddings.52–54 The benefit of this design is noticeably increased refractive 
index contrast in the GaN-based laser waveguide due to the very low refractive 
index value of Ag, namely nAg = 0.17 + 2.0i in blue wavelengths.
52 The downside 
of metal top cladding though is the really high loss of the metal, which means that 
even low optical mode overlap with the non-epitaxial top cladding will increase 
the overall internal mode loss of the device. Therefore, this is not an optimal 
solution to mitigating p-AlGaN related top cladding design limitations.  
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 A likeminded designs solution, calls for replacing part of the III-nitride 
top cladding with a transparent conducting oxide (TCO). This top cladding design 
is a viable approach if the TCO provides adequate refractive index contrast to 
ensure optical mode confinement without introducing significant optical loss to 
the LD structure. A top cladding consisting of replacing thick p-AlGaN with thin 
p-GaN and a TCO layer reduces both growth time and temperature of the  
III-nitride cladding layer, thus reducing the thermal damage to the InGaN 
quantum wells (QWs). It also benefits LD performance by reducing the  
p-cladding bulk resistance because it enables a switch from thick p-AlGaN to thin 
p-GaN. This design has been used to demonstrate a (202̅1) blue InGaN QW laser 
structure, using a Sn-doped In2O3 (ITO) layer in the top cladding. The device 
lased at a threshold current density, Jth, of 6.2 kA/cm
2 and threshold voltage, Vth, 
of 8.9 V.55 
   
1.4 GaN-based laser bottom cladding design  
The bottom cladding material choice and thickness in semipolar III-nitride 
lasers has been limited to GaN by the strain relaxation that happens from the large 
lattice mismatch between GaN and III-nitride ternary and quaternary alloys.56–61 
Strain relaxation also dictates alloy thickness.62 AlGaN bottom cladding is desired 
due to its increased refractive index contrast with GaN, which in increases with 
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increasing Al composition,63 However, AlGaN has been precluded from planar 
semipolar LD design due to the presence of resolved shear stress on the c-plane, 
which leads to c-plane slip via glide of pre-existing threading dislocations 
(TDs).64 This limitation has been overcome through the use of a pre-growth 
substrate patterning technique commonly referred to as limited area epitaxy 
(LAE).65–67 
LAE involves patterning stripes of various widths on a substrate prior to 
epitaxial growth. The glide of pre-existing TDs across epitaxial interfaces 
introduces misfit dislocations (MDs), which enable stress relaxation. As 
mentioned, stress relaxation is what limits the composition and thickness of 
ternary alloys, such as the AlGaN bottom cladding. MDs can subsequently form 
at multiple interfaces and sufficiently close to the active region QWs to markedly 
decrease the efficiency of LDs. By breaking the surface planarity, the LAE mesas 
block TD glide so that only TDs that were originally within the mesa borders 
contribute to MD formation within the mesa area.64 The resulting decrease in MD 
density delays the onset of plastic relaxation, which allows for the growth of 
coherent AlGaN (or InGaN) layers beyond the predicted Matthews-Blakeslee 
critical thickness. Our group has demonstrated that LAE can be used to create 
modulation doped n-AlGaN bottom clad semipolar III-nitride LDs.68,69  
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1.5 Limited area epitaxy – transparent conducting 
oxide semipolar GaN laser design  
This dissertation aims to demonstrate blue (202̅1) laser structures that 
simultaneously incorporate LAE-enabled AlGaN bottom cladding and a TCO-
based top cladding. The inception of the LAE-TCO concept is shown in Fig. 1.1. 
By enabling the use of n-AlGaN in the bottom cladding, LAE makes it possible to 
use thinner p-GaN in the top cladding, which reduces thermal damage to the QWs 
and the contribution from the top cladding to the overall device resistance. In 
addition, the design increases the index contrast in the laser waveguide, which 
increases the confinement factor of the lasing mode. Both ITO and ZnO will be 
evaluated as TCO options for the top cladding layer through optical numerical 
modeling and experimentally using a polished facet laser fabrication process.  
 
 
Figure 1.1 The building blocks of the proposed LAE-TCO semipolar laser structure. This design 
simultaneously incorporates LAE-enabled AlGaN bottom cladding and thin p-GaN and TCO top 
cladding. The TCOs that were evaluated in this dissertation are ITO and ZnO. 
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Based on the work in Reference 55, Chapter 2 will demonstrate the ability 
to replace ITO with hydrothermally deposited ZnO in the top cladding of a planar 
substrate, (202̅1) laser. Chapter 3 will discuss the first demonstration of the LAE-
TCO LD concept using ITO in the top cladding and 5% Al composition in the 
AlGaN bottom cladding. Chapter 4 will discuss an optimized LAE-TCO LD with 
ZnO in the top cladding and % Al composition in the AlGaN bottom cladding. 
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2.1 Introduction   
HIS chapter introduces the planar substrate – transparent conducting oxide 
(TCO) laser design that was used to demonstrate the use of ZnO as a top 
cladding layer for semipolar III-nitride lasers. This design demonstration is 
important because finding an alternative TCO to the current industry standard is the 
first step towards realizing the limited area epitaxy (LAE) – TCO laser design. The 
current industry standard TCO, Sn-doped In2O3 (ITO), has an undesirable 
contribution to the internal loss of an edge emitting laser due to its high optical 
T 




absorption. This chapter presents the evaluation and implementation of ZnO as an 
attractive alternative to ITO. The evaluation metrics used to compare ZnO to ITO 
are considered in Chapter 2.2. The ZnO deposition method is presented in Chapter 
2.2.1. The design space offered by the planar substrate-TCO laser design is 
explored through optical modeling and discussed in Chapter 2.3. The necessary 
processing and fabrication developments and device results are discussed in 
Chapter 2.4 and 2.5, respectively.  As a first attempt, ZnO was incorporated onto a 
planar (202̅1) laser structure to avoid processing complications that may arise from 
LAE pre-growth patterning of the device. This effort led to the demonstration of a 
(202̅1) laser, operating at 8.6 kA/cm2 and a threshold voltage of 10.3 V with a 
lasing wavelength of 453 nm. 
2.2 ZnO: an attractive alternative to ITO 
ITO has been the industry standard TCO choice, but its future use may be 
unsustainable given the high price of indium1–3. In addition, ITO has relatively high 
optical absorption, with literature values reported at 1000-2000 cm-1,4–7 which is 
undesirable when designing low internal loss laser diodes (LDs). ZnO is an 
alternative TCO that can be used as the top cladding layer in III-nitride LDs.  
ZnO is a wurtzite semiconductor, with a direct bandgap of 3.37 eV at room 
temperature,8 whose a and c lattice parameters are 3.25Å and 5.20Å, respectively.9 




Considering that the c lattice parameter of GaN is 5.18Å, the lattice mismatch 
between ZnO and GaN is only ~2%. This facilitates high quality single-crystal 
growth of ZnO on GaN, which is expected to result in higher carrier mobility. Such 
properties enable the implementation of ZnO for optoelectronic applications in the 
blue and UV regions such as LDs, light emitting diodes (LEDs) and photodectors. 
These applications are limited to n-type ZnO due to the lack of high quality and 
reproducible p-type ZnO, despite reports of p-type ZnO.10,11 
ZnO is distinguished from other TCOs and semiconductors due to a wide 
list of optical, electrical and structural properties. ZnO has a high free-exciton 
binding energy of 60 meV, which indicates efficient excitonic emission in ZnO at 
room temperature, making it a promising material for optical devices utilizing 
excitonic effects.12 ZnO has large piezoelectric constants and high sensitivity of 
surface conductivity in the presence of adsorbed species, making it optimal for 
implementation in sensors, actuators and transducers.13 ZnO has strong 
luminescence 14 and large non-linear optical coefficients,15 making it suitable for 
integrated non-linear optical devices. While the conductivity of crystalline ZnO is 
in the same order of magnitude as ITO,5 polycrystalline ZnO has nonlinear 
resistance and non-ohmic current-voltage characteristics.13 Structurally, ZnO has 
high thermal conductivity, giving it heat-sinking capabilities for optoelectronic           
devices.13 Its various growth techniques, which will be listed subsequently, provide  
  




both large bulk crystals and relatively thick current spreading layers, giving ZnO 
wide device application versatility. Additionally, ZnO is the least toxic TCO,3 has 
high radiation hardness,16 and is amenable to low-temperature wet chemical 
etching.13  
To evaluate the feasibility of ZnO as an alternative TCO to ITO for LD top 
cladding, we looked at several performance metrics, some of which are summarized 
in Table 2.1. These metrics regard electrical characteristics, optical absorption, 
deposition method, fabrication process, and the cost of the TCO. The electrical 
properties shown in Table 2.1 were measured using the circular transmission line 
(CTLM) method, as described in Chapter 3 of Reference 9. For these comparisons 
c-plane GaN LEDs with TCO current spreading layer (CSLs) were fabricated.  ITO 
was electron beam evaporated using a heated stage, while ZnO was deposited using 
the hydrothermal deposition method, which will be discussed in Chapter 2.2.1. As 
shown in Table 2.1, ITO has lower resistivity and specific contact resistivity than 
ZnO, but ZnO’s values are on the same order of magnitude and comparable in  
 
 
Table 2.1 Electrical and optical properties of ITO and ZnO current spreading layers characterized 
by CTLM method. Electrical property data curtesy of Asad Mughal. The absorption coefficients and 
refractive indices for ITO and ZnO at 450 nm were taken from References 4 and 9, respectively.  
 
 




performance. The results compared in Table 2.1 are limited to thoroughly 
hydrothermally deposited unintentionally doped (UID) ZnO and heated electron 
beam evaporated ITO, which were the two TCO growth methods utilized for all the 
work presented in this thesis. ZnO electrical properties are expected to improve 
with the iterative improvement of hydrothermal growth solution chemistry as well 
as through introducing dopants in ZnO, such as Ga, Al or In,9,13 and/or through 
hybrid growth techniques such as combined atomic layer deposition (ALD) and 
hydrothermal growth of ZnO.  
ZnO is an n-type semiconductor and forms a p-n heterojunction at the 
interface with the p-type GaN contact of optoelectronic devices. In this case, ohmic 
current flow requires high concentration of carriers in both n- and p- materials and 
an abrupt junction interface, enabling carriers to tunnel through the junction. As the 
LED or LD is under forward bias, with current flowing from n-GaN to the p-GaN 
layer, the n-ZnO – p+GaN interface is placed under reverse bias and forms a tunnel 
junction.9 Recent improvements in annealing conditions of hydrothermally 
deposited ZnO have also demonstrated that specific contact resistances of Ti/Au 
contacts to ZnO and ITO are comparable.5 In addition, external quantum efficiency 
(EQE), luminous efficacy and series resistance were improved in LEDs with ZnO 
current spreading layers relative to ITO, indicating that ZnO layers had both lower 
absorption and lower contact resistance to p-GaN.17 Introducing dopants has also  
 




been used to demonstrate ZnO ohmic contacts to p-GaN.18  
The biggest selling point for ZnO application to optoelectronic devices is 
its optical absorption coefficient, which is considerably lower than ITO in the blue 
and green regions of the visible spectrum.4,9 The ITO absorption coefficient and 
refractive index shown in Table 2.1 were taken from Ref. 4. The ZnO absorption 
coefficient and refractive index were taken from Reference 9. The optical 
absorption coefficient in Reference 9 was calculated from UV-visible transmission 
spectra of UID ZnO hydrothermally deposited on spinel substrates. The calculation 
method developed by Cisneros19 was used to evaluate the measured spectra. The 
UID ZnO film had an absorption coefficient of ~200 cm-1 in the violet region which 
dropped to ~100 cm-1 in the blue region and less than 100 cm-1 in the green region 
of the visible spectrum.5,9 This is a marked improvement over the absorption 
coefficient of 2000 cm-1 measured in our ITO.4  
Just like ITO, the measured refractive index of ZnO at 450 nm had a value 
of 2. The refractive index was calculated by fitting variable angle spectroscopic 
ellipsometry (VASE) data, as detailed in Appendix A of Reference 9. This is 
important for our proposed design, because ZnO having the same refractive index 
in the wavelength of interest means that the mode overlap with the TCO and optical  
confinement should not be affected by replacing ITO with ZnO in the top cladding, 
provided the rest of the laser structure is identical.  




2.2.1   Hydrothermal deposition of ZnO  
As stated above, the ZnO top clad laser designs presented in this thesis 
utilized hydrothermally deposited ZnO. When implemented in GaN optoelectronic 
devices, it is vital that the underlying p-GaN contact layer is not exposed to 
solutions or environments that would compensate or damage the p-GaN electrically 
or structurally. Therefore, the ZnO deposition method must provide highly 
conductive and high transparency ZnO, without compromising the epitaxial 
structure.  ZnO can be grown through a series of methods, including bulk, epitaxial 
and physical deposition methods.   
Bulk growth provides high quality bulk crystals with different impurity 
concentrations and varying levels of electro-optical performance, depending on the 
growth mechanism. Such mechanisms include gas or vapor transport, seeded 
chemical vapor transport and pressurized melt growth. While these methods 
provide excellent electrical properties for large ZnO boules, they often require 
either very high growth or annealing temperatures (up to 1600 K), pressures and  
long growth times,20–23 which makes them impractical for ZnO  
thin film implementation into optoelectronic devices.  Ideally, heteroepitaxial 
growth of ZnO thin films onto an LED or an LD would be preferred for reduced 
concentrations of extended defects, reduced impurity contamination and a seamless 
device fabrication process. ZnO thin film reactor growth has been demonstrated 




using both metal organic chemical vapor deposition (MOCVD) and molecular 
beam epitaxy (MBE). High crystalline ZnO has been demonstrated using MOCVD, 
with growth temperatures ranging between 400 oC – 950 oC.24–26 These ZnO 
temperatures are higher than the quantum well (QW) growth temperatures in our 
LD structures, thus defeating the purpose of TCO top cladding. In addition, the 
MOCVD precursors tend to pre-react outside the boundary layer, causing formation 
of powder residue in the growth chamber, which facilitates higher impurity 
incorporation in the TCO.9 In addition, MOCVD growth rates can be very slow, 
thus increasing the device cost and fabrication time. MBE on the other hand offers 
good thickness control and in-situ monitoring of single crystalline ZnO thin films,27 
but while these films were highly conductive, they had very poor transparency,28 
rendering MBE grown ZnO non-suitable as LD top cladding.        
In addition to epitaxial methods, a series of other methods including 
chemical spray pyrolysis, screen painting, electrochemical deposition, sol-gel 
synthesis and oxidation of Zn films can be used to grow varying qualities of  
polycrystalline ZnO, which is not applicable to our LD top cladding design.13,29 
Non-epitaxial techniques used for single-crystalline ZnO include physical vapor 
deposition methods, such as RF sputtering,30,31 RF magnetron sputtering,32 electron 
beam evaporation,33 pulsed laser deposition,34 and thermal evaporation.35   
Sputtering can cause oxygen plasma damage, which will compensate the  




underlying p-GaN layer. The other techniques require solid source materials with 
fixed composition and the ZnO films’ electro-optic properties are highly dependent 
on deposition rates, chamber contamination and require frequent and costly system 
maintenance. Atomic layer deposition (ALD) provides conformal ZnO thin films 
with precise thickness and film quality control, but at the expense of very slow 
deposition rates.36 
The ZnO growth techniques discussed so far are limited by growth rate, film 
quality, electro-optic properties, deposition temperature, vacuum conditions, 
system maintenance and cost. Hydrothermal growth of ZnO, which is also referred 
to as aqueous solution deposition, allows for the deposition of high conductivity 
and high transparency thin films, by mitigating the system, chemical sources and 
cost limitations of other methods. Hydrothermal growth is a well-established high 
temperature and pressure bulk single crystal ZnO growth method,37 whose 
principles can be adapted to low temperature and atmospheric pressure growth 
conditions. Lange and co-workers have demonstrated single crystal ZnO growth 
capability using low temperature (90 oC) aqueous solution deposition.38–41 
Richardson et. al.42,43 have provided insight into the mechanisms that dictate the 
growth conditions of ZnO in low temperature hydrothermal growth. These studies 
have shown how to control ZnO nucleation conditions to result either in a high  






Figure 2.1 Low temperature hydrothermal deposition reactor design and setup: (a) photo of the 
actual experimental setup (b) cross sectional representation of the hydrothermal growth chamber. 
The solution for both ZnO layers is heated and maintained at 90 oC. 
  
density of crystallites or a fully coalesced ZnO film on existing ZnO surfaces. 
In this work, we used a hydrothermal deposition reactor design like the 
PTFE reactor used in Reference 9 to deposit ZnO top cladding on semipolar LDs. 
An image of the actual deposition vessel is shown in Fig. 2.1 (a). A cross-section 
of the reactor is shown in Fig. 2.1 (b): the reaction chamber’s uniform temperature 
gradient is ensured by heating tape and monitored by a thermocouple which feeds 
into the heating tape’s temperatures controller. The sample is held in place by in-
house PTFE tubing design, with the growth surface facing downwards. A magnetic 
stir bar ensures uniform mixing of the growth solution and mitigates the formation 
of air bubbles on the growth surface.  
Low temperature hydrothermal deposition synthesizes ZnO using a nitrate 
salt as the Zn source, ammonium hydroxide as the mineralizer and sodium citrate  






Table 2.2 List of precursors for low temperature hydrothermal ZnO two-layer deposition, including 
precursor amount and anneal temperatures. Both anneal times are 15 minutes. 
 
 
as a crystal growth modifier, which affects preferential growth along certain crystal 
orientations.38 The mineralizer modifies the pH of the solution and changes the 
solubility of the dissolved ions, thus controlling the thermodynamic driving force 
for the formation of the ZnO precipitates. Furthermore, a large amount of hydrogen 
is incorporated into the ZnO films during this growth method,9 which acts as an 
interstitial donor13 and results in high n-type carrier concentrations. All the 
precipitation reactions take place at 90 oC, which is crucial to our design, as we are 
trying to mitigate thermal damage to the active region that occur from extended 
high temperature top cladding and p-contact layer growth.  
The hydrothermal deposition of ZnO as an LD top cladding consists of a 
two-layer sequence: a non-coalesced seed layer of ZnO crystallites and a fully 
coalesced second layer. Table 2.2 lists the precursors and their respective amounts 




for each ZnO layer. Each layer is annealed in a nitrogen environment for improved 
ZnO film quality and adhesion to the underlying p-GaN. The annealing 
temperatures were investigated and optimized in Reference 9. Fig. 2.2 (a) 
conceptually shows the non-coalesced ZnO seed layer crystals. The SEM of seed 
layer crystals, shown in Fig. 2.2 (b) shows that their shape is irregular, but their 
height is ~250 nm. This result was similar to the seed layer thickness attained in 
Reference 9.   ZnO grows preferentially on exposed GaN and tends to grow quicker 
along the c+ crystallographic direction, which is why ZnO will grow on (202̅1) 
planes but not on (202̅1̅).9 Figs. 2.2 (c) and (d) show the growth concept and the  
 
 
Figure 2.2 Low temperature hydrothermal deposition of bilayer ZnO: (a) Depiction of the seed ZnO 
layer, consisting of irregular ZnO crystals. (b) Side view SEM image of the seed ZnO layer, showing 
the varying crystal heights, shapes and spatial distribution. (c) Depiction of the second layer of ZnO, 
which is fully coalesced. (d) Top view image of the second layer of ZnO, which is fully coalesced 
and has irregular surface grain boundaries.  




top view SEM of a fully coalesced second layer of ZnO. The SEM image shows 
well developed, relatively uniform grain size but irregular grain boundaries. 
2.3 Optical modeling  
Much like other designs that use non-epitaxial cladding layers, one benefit 
of using ZnO as a TCO layer is that it makes it possible to avoid the use of thick 
p-AlGaN layers and use thinner p-GaN layers in the top cladding. However, it is 
important to understand how the thickness of the p-GaN layers and the choice of 
TCO affects device performance. To investigate the effect of varying the thickness 
of the p-GaN layers, 2D optical modeling of the proposed laser structure were 
simulated using FIMMWAVE software. 44.  
Fig. 2.3 outlines the laser structure used in the optical modeling. The 
modeled device III-nitride layer sequence consisted of a (202̅1) free-standing GaN 
substrate, a Si2H6 doped GaN n-cladding, an InGaN n-waveguide (WG), a three 
quantum well active region, followed by a p-AlGaN electron blocking layer (EBL), 
an InGaN p-WG, and an Mg-doped GaN p-cladding and a TCO layer. The optical 
modeling evaluated both ITO and ZnO were evaluated as a TCO layer in the top 
cladding.   
For each device layer, FIMMWAVE requires its thickness, refractive index  
 




and absorption coefficient. The layer thicknesses used for the FIMMWAVE 
modeling structure were the same as the layers in the demonstrated device and are 
listed in Table 2.3. It is important to note that our GaN p-cladding has an Mg doping 
grade, therefore it is broken up into four different GaN layers. Absorption loss 
increases with increased doping levels;45 we therefore gradually increase the Mg 
doping to minimize the material loss contribution of the p-cladding to the overall 
structure. The doping grade used for the demonstration of this device is not 
optimized and merits further investigation. The GaN, InGaN and AlGaN refractive 




Figure 2.3 Laser structure used for optical modeling. The TCOs compared were ITO and ZnO, 
using ZnO for this illustration. The green layer above the quantum wells is the p-AlGaN EBL layer. 
The layer thicknesses and compositions used for optical modeling are detailed in Table 2.3. 
 





Table 2.3 Layer sequence of LD used for optical modeling. The p-GaN top cladding thickness was 
varied from 10 nm to 900 nm; the example listed in this table has 325 nm p-GaN.  The layers with 
the highest individual loss contribution are highlighted in bold in the last column. For this p-GaN 
thickness, the quantum wells, the electron blocking layer and the p-cladding contribute significantly 
to the overall internal loss, accounting for ~45 %, ~10% and ~22% of the total device loss, 
respectively. Doping optimization is expected to mitigate these layers’ loss contribution.  
 
 




in this work as well as in the optical modeling was unintentionally doped. The UID 
ZnO refractive index was measured using transmission spectroscopy, as detailed in 
Appendix A of reference 9. The ITO refractive index was taken from Hardy et. al.4  
The refractive index of both ITO and ZnO at 450 nm, which is the wavelength used 
in the optical modeling, is 2.4,9 The absorption coefficient of ITO of 2000 cm-1 and 
the absorption coefficient of UID ZnO of 100 cm-1 were taken from Hardy et. al.4 
and Reading et. al.5, respectively. As discussed in Chapter 2.2, the ITO absorption 
coefficient values reported in literature range from 1000 – 2000 cm-1 for blue 
wavelengths; we used the more conservative value of 2000 cm-1 from Reference 4 
because this was ITO grown and characterized by MES AFTY corporation which 
has a more repeatable deposition quality than our in-house heated stage electron-
beam deposited ITO.  
 
The optical modeling in this work considers free carrier absorption to be the 
main significant contribution to internal loss. The absorption coefficients for the 
III-nitride layers were adapted from Kioupakis et. al.47: we used the layer loss 
values reported in Table 2 of Reference 47 and scaled them for our laser structure’s 
secondary ion mass spectroscopy (SIMS) measured carrier densities. Mg-doped 
material loss was assumed to range from 10-15 cm-1 per 1019 cm-1 carrier 
concentration and Si-doped material loss was assumed to range from 1-2 cm-1 per 
1018 cm-3 carrier concentration. We did not interpolate based on In content or any 




other factor besides carrier concentration, so the calculated alloy scattering in our 
QWs, was a slight overestimate. Considering the low confinement factor of the 
active region, though, we believe this presented a minimal difference in internal 
loss. We considered calculating each component of the overall absorption loss per 
layer using the values in Table 1 of Kioupakis et. al.47, but we did not know the 
defect concentrations of our LD’s layers. Therefore, assuming our non-QW layers 
to have no alloy scattering, we estimated layer losses based on Table 2 of Reference 
47, as described above. 
The carrier concentration in the individual layers in the LD structure, 
excluding the QWs was taken from SIMS measurements. SIMS gives doping 
values per each layer and we are assuming 100% activation for these optical mode 
simulations. The assumed QW carrier concentration was calculated by adapting 
published estimates to our device’s threshold conditions.48 
FIMMWAVE calculates the confinement factor () and the internal loss 
(i) and then those values are used to calculate threshold material gain (gth) and 
differential efficiency (d) using Equations 2.1 and 2.2, respectively.49 In Eqn. 2.1, 
m is the facet mirror loss and in Eqn. 2.2 i is the injection efficiency. In this work 
we assumed uncoated laser facets and an i value of 65%.48 All the modeling results 
presented in this thesis use the fundamental TE mode values calculated using the 
real FMM solver in FIMMWAVE.  











 , (2.2) 
Given that a TCO top cladding allows for thinner p-GaN layers, it was first 
important to determine how thin the p-GaN layer in the top cladding can be without 
compromising the lateral confinement of the optical mode. We determined this 
thickness limit by evaluating the dependence of  and i on p-GaN thickness 
ranging from 10 nm to 900 nm, for both ITO and ZnO, as shown in Fig. 2.4, using 
the LD structure shown in Fig. 2.3 and detailed in Table 2.3 as a baseline. We have 
poor control over the thickness of the hydrothermally deposited ZnO, therefore we 
also evaluated the  and i dependence on p-GaN thickness for different ZnO  
 
Figure 2.4 Dependence on varying p-GaN thickness in the top cladding for various TCO 
compositions and thicknesses of (a) confinement factor and (b) internal mode loss.  




thicknesses: 250 nm for a direct ITO comparison and 780 nm, which was the 
deposited ZnO thickness on the demonstrated device, as will be discussed in detail 
in Chapter 2.5.
The immediate observations attained from the dependence of  and i on 
p-GaN thickness are that  does not depend on the TCO composition nor on the 
thickness of ZnO and that ZnO top cladding results in lower internal loss than ITO, 
independent of ZnO thickness. i also doesn’t depend on the thickness of ZnO 
layer. The value of the confinement factor for both TCOs experiences a sharp 
decrease for p-GaN thicknesses of lower than 100 nm. This behavior relates to the 
minimum thickness of p-GaN in the TCO top cladding that ensures lateral and 
transverse confinement of the optical mode. Fig. 2.5 shows the 2D mode profiles 
for a ZnO clad ridge waveguide LD, showing the lateral confinement of the mode 
for p-GaN thicknesses varying from 50 nm to 200 nm in the top cladding layer. The 
distance between the bottom of the ridge waveguide and the top of the active region 
is fixed at 100 nm for all three structures, so the ridge depth decreases as the p-GaN 
thickness decreases. For p-GaN thicknesses of less than 100 nm, the optical mode 
has poor lateral confinement due to the shallow etched ridge waveguide and  
decreases significantly. This is observed through the mode contours extending





Figure 2.5 2D mode profiles for varying p-GaN thicknesses in the top cladding (a) 50 nm, (b) 100 
nm and (c) 200 nm. 
 
throughout the active region width as well as reaching the edge of the simulation 
window, as shown in Fig. 2.5(a). Such mode contours render numerical results 
unreliable and indicate the lack of a well confined mode. 
 does not depend on the TCO composition, which is expected as ZnO and 
ITO have almost identical refractive indices in the blue and green regions of the 
spectrum. For p-GaN thicknesses of greater than 500 nm, the ZnO and ITO cladding 
layers have a negligible effect on the optical mode and  and i show little 
dependence on p-GaN thickness. This happens because the mode overlap with the 
TCO progressively decreases as the p-GaN thickness increases.  
For p-GaN thicknesses between 100 and 500 nm, for both ITO and ZnO top 
claddings,  increases as the p-GaN thickness decreases because the peak intensity 
of the optical mode is increasing near the QWs as the mode is compressed by the 
thinner p-GaN. In this p-GaN thickness range, for the device with ITO cladding, i 




increases as the p-GaN thickness decreases, while for the device with ZnO 
cladding, i does not increase as the p-GaN thickness decreases.  The mode overlap 
with the TCO layer is the same for a given p-GaN thickness. The loss contribution 
due to the mode overlap with the TCO is higher for ITO than ZnO because of the 
absorption coefficients used in the modeling, which were 2000 cm-1 for ITO and 
100 cm-1 for ZnO.  This reduction in i is a key advantage of replacing ITO with 
ZnO in a TCO clad design. 
To further investigate the difference in the loss contribution of the two 
different TCOs as a function of decreasing p-GaN thickness, we evaluated the layer 
specific losses of the structure from Table 2.3 for a 150 nm layer of p-GaN in the 
top cladding, keeping all the other layer thicknesses and compositions the same. 
The modeling results, shown in Table 2.4, show that the TCO layer specific 
confinement factor increases to 0.15%. The layer specific confinement factor of the 
TCO for 325 nm of p-GaN in the top cladding, shown in Table 3.2 was 0.02 %. 
This means that the mode sees more of the TCO as the p-GaN layer thickness 
decreases in the top cladding. The simulation results in Tables 2.3 and 2.4 indicate 
that the observed difference in the loss contribution of ITO and ZnO for p-GaN 
thicknesses between 100 nm and 500 nm is dictated by the mode overlap with the  






Table 2.4. LD layer sequence used to evaluate the mode overlap with the TCO layer for a 150 nm 
thick p-GaN layer in the top cladding. The TCO layer specific confinement factor increases as the 
p-GaN thickness decreases. This increased mode overlap with the TCO coupled with ITO’s much 
higher absorption loss account for the different behaviors observed from ITO and ZnO for p-GaN 
thicknesses between 100 nm and 500 nm in Fig. 2.4 (b). Even for a reduced p-GaN thickness, most 
of the contribution to the overall internal mode loss comes from the quantum wells, the electron 
blocking layer and p-cladding.  
 




should be reflected for the full p-GaN thickness range modeled in Fig. 2.4(b).  
Fig. 2.6 examines the transverse mode profile and mode overlap with the TCO for 
p-GaN thicknesses of 50 nm, 100 nm, 350 nm and 700 nm. Correlating with  
Fig. 2.5(a), the mode intensity for 50 nm of p-GaN in the top cladding is very low 
for both TCOs. As the p-GaN thickness increases, the ridge waveguide height 
increases and the mode intensity increases as the mode has improved lateral 
confinement, correlating to Figs. 2.5(b)-(c). As the p-GaN thickness increases to 
700 nm, the mode overlap with the TCO is minimal and the type of TCO has 
negligible effect on the internal mode loss, which correlates with the loss behavior 
observed in Fig. 2.4(b).  
The higher contribution of ITO to the overall device internal mode loss can 
then be attributed to the higher ITO absorption coefficient (2000 cm-1) if the mode 
profile is unaffected by the type of TCO. In Fig. 2.7 we evaluated the full width 
half max (FWHM) of the transverse mode profile for p-GaN thicknesses of 100 nm, 
350 nm and 700 nm for 250 nm of TCO in the top cladding. As can be seen in  
Fig. 2.7(b), the FWHM is independent of the TCO composition, meaning that the 
mode profile is independent of the type of TCO in the top cladding. Furthermore, 
the FWHM decreases with decreasing p-GaN thickness for p-GaN thicknesses 
between 100 nm and 400 nm, as the mode is compressed by the thinner p-GaN. 





Figure 2.6 Transverse mode profile and refractive index as a function of distance in the growth 
direction, showing mode overlap with the TCO for 50 nm of p-GaN and 250 nm of (a) ITO and (b) 
ZnO; for 100 nm of p-GaN and 250 nm of (c) ITO and (d) ZnO; for 350 nm of p-GaN and 250 nm 
of (e) ITO and (f) ZnO; for 700 nm of p-GaN and 250 nm of (g) ITO and (h) ZnO in the top cladding. 





Figure 2.7 (a) Confinement factor and internal mode loss dependence on p-GaN thickness in the 
top cladding plotted simultaneously to show the p-GaN thicknesses for which the full width half 
max (FWHM) of the transverse mode profile was evaluated. (b) FWHM of the transverse mode 
profile dependence on p-GaN thickness, evaluated for ITO and ZnO. The FWHM is independent of 
the type of TCO. 
 
This corresponds to the p-GaN thickness range for which the choice of TCO has 
the bigger impact on i in Fig. 2.2(b), reaffirming that the ZnO results in lower 
internal mode loss than ITO for the same confinement factor. Thus, considering 
that the mode overlap with the TCO layer is the same for ITO and ZnO, and that 
the ITO absorption coefficient used for these FIMMWAVE calculations is 20 times 
higher than that of ZnO, the loss for the device with ITO will be higher than the 
loss of the device with ZnO for p-GaN thicknesses between 100 nm and 500 nm in 
the top cladding.  
The dependence of gth and d on p-GaN thickness and TCO composition are shown 
in Figs. 2.8(a) and 2.8(b), respectively. Since i doesn’t depend on the thickness of 
ZnO, only the results for 250 nm of ZnO are included in this figure.  For these 




calculations, the cavity length and the mean mirror reflection coefficient (R)49 were 
assumed to be 1200 m and 0.18, respectively, corresponding to a mirror loss, m, 
of 14.3 cm-1. For p-GaN thicknesses of greater than 500 nm, the ZnO and ITO 
cladding layers have a negligible effect on the optical mode, so gth and d show 
little dependence on p-GaN thickness and are equal for both TCOs.  
For p-GaN thicknesses between 100 and 500 nm, for the device with ITO 
cladding, gth increases slightly and d decreases significantly as the p-GaN 
thickness decreases because  increases slightly and i increases significantly with 
decreasing p-GaN thickness. In contrast, for the device with ZnO cladding,  
gth decreases slightly and d decreases slightly as the p-GaN thickness decreases 
because  increases slightly and i does not increase with decreasing p-GaN 
thickness. This behavior holds for different ZnO thicknesses because i is 
 
Figure 2.8 Dependence of (a) threshold material gain and (b) differential efficiency on p-GaN 
thickness for a structure with 250 nm of ITO or ZnO in the top cladding.  





independent of ZnO thickness, as shown in Fig. 2.2 (b). The effects of the cladding 
layer TCO material on d is particularly marked and should be even more apparent 
for lower loss LD designs. 
 The use of a TCO in the top cladding creates an asymmetrical waveguide.4 
As discussed earlier, as the p-GaN gets thinner the modal overlap with the TCO 
increases and the peak of the mode shifts towards the n-side. The placement of the 
QWs in the InGaN waveguide therefore affects the confinement factor and the 
internal mode loss of the device. We investigated the tradeoff between  and i for 
a fixed p-GaN thickness and a fixed total InGaN waveguide thickness by rastering 
the position of the QWs in the InGaN WG from the n-side to the p-side in 10 nm 
increments. The simulated LD structure had a 630 nm Si-doped GaN template, a 
380 nm n-GaN cladding layer, a 100 nm thick In0.08Ga0.92N waveguide, an active 
region consisting of three 4.8nm In0.2Ga0.8N QWs and four 7.6 nm GaN quantum 
barriers (QBs), a 10 nm Al0.21Ga0.79N EBL, a 325 nm p-GaN layer, a 10 nm p
+ GaN 
contact layer and 250 nm of ZnO. The transverse mode profile and refractive index 
for each QW placement was plotted as a function of the distance along the laser 
structure, in the growth direction. The confinement factor and internal mode loss 
were plotted as a function of the n-waveguide thickness. The results are shown in 
Figs. 2.9 through 2.11. 




FIMMWAVE simulations showed that for a fixed p-GaN thickness the 
and i decrease as the fraction of the In0.08Ga0.92N waveguide on the n-side 
increases. This happens due to the reduced overlap of the mode with the QWs, the 
EBL and the p-GaN layers, all of which have relatively high absorption. The 
transverse mode profile graphs in Fig. 2.9 (a)-(c), Fig. 2.10 (a)-(c) and Fig. 2.11 
(a)-(c) show how the mode peak moves to the n-side as the n-waveguide thickness 
increases, thus reducing the mode overlap with the high absorption layers 
mentioned above.   
Placing the QWs symmetrically in the waveguiding layer (i.e. 50/50 nm  
n-/p- In0.08Ga0.92N WG) results in the highest optical confinement, but also results 
in a relatively high internal loss. However, as a higher fraction of the InGaN 
waveguiding layer is placed on the n-side, internal loss decreases more rapidly than 
optical confinement. Therefore, can be minimally sacrificed to achieve much 
lower i. The design chosen for the laser demonstration that is discussed in Chapter 
2.5 was a 70/30 nm n-/p-In0.08Ga0.92N WG, which had 3% lower  and 12 % lower 
i, compared to the 50/50 nm n-/p-In0.08Ga0.92N WG. 
The dependence of the confinement factor and internal mode loss on the 
fraction of the InGaN waveguiding layer that is placed on the n-side is similar for 
a laser structure that has an ITO layer in the top cladding. Fig. 2.12 highlights the 





Figure 2.9 Transverse mode profile and refractive index as a function of distance in the growth 
direction and confinement factor and internal mode loss as a function of n-waveguide thickness for 
n-waveguide thicknesses of (a) 10 nm, (b) 20 nm and (c) 30 nm. The dotted green lines highlight 
the changing confinement factor and internal mode loss values as the mode overlap with the active 
region changes. The LD top cladding consisted of 325 nm of p-GaN and 250 nm of ZnO.  





Figure 2.10 Transverse mode profile and refractive index as a function of distance in the growth 
direction and confinement factor and internal mode loss as a function of n-waveguide thickness for 
n-waveguide thicknesses of (a) 40 nm, (b) 50 nm and (c) 60 nm. The dotted green lines highlight 
the changing confinement factor and internal mode loss values as the mode overlap with the active 
region changes. The LD top cladding consisted of 325 nm of p-GaN and 250 nm of ZnO. 





Figure 2.11 Transverse mode profile and refractive index as a function of distance in the growth 
direction and confinement factor and internal mode loss as a function of n-waveguide thickness for 
n-waveguide thicknesses of (a) 70 nm, (b) 80 nm and (c) 90 nm. The dotted green lines highlight 
the changing confinement factor and internal mode loss values as the mode overlap with the active 
region changes. The LD top cladding consisted of 325 nm of p-GaN and 250 nm of ZnO. 
 





Figure 2.12 Confinement factor and internal mode loss as a function of n-waveguide thickness 
comparing ITO and ZnO top cladding for (a) 200 nm and (b) 325 nm of p-GaN in the top cladding. 






effects of increasing p-GaN thickness from 200 nm to 325 nm and replacing ITO 
with ZnO in the top cladding for a laser structure like the one detailed in pages  
28 – 29. As expected, the confinement factor is independent of the TCO material 




in the top cladding for all n-WG thicknesses. It is important to note, that as 
suggested by the dependence ofi on p-GaN thickness in Fig. 2.4, the reduction in 
i that results by replacing ITO with ZnO in a TCO clad design is higher for thinner 
p-GaN. The device with ITO top cladding has on average ani value of 11.4 % and 
3.2 % higher than the device with ZnO top cladding for 200 nm and 325 nm of p-
GaN thickness in the top cladding, respectively, for the all n-WG thickness 
permutations. These simulations were done for just two p-GaN thickness; a full set 
of simulations for p-GaN thicknesses between 100 nm to 500 nm and for different 
InGaN waveguide thicknesses and In compositions will give more insight on how 
to achieve high optical confinement with low internal mode loss. 
2.4 Device Processing   
 The polished facet (PF) laser process developed by Hsu et. al.50 was used to 
fabricate all three TCO top clad semipolar laser designs reported in Chapters 2-4 of 
this thesis. The currents chapter discusses the development of planar substrate TCO 
clad semipolar LDs, and I will refer to the adapted PF process used to fabricate  
these devices as the planar-TCO PF process, hereafter. The aforementioned original 
PF process provides better quality facets then the etched facet (EF) process,51 and 
higher yield than the cleaved facet (CF) process,52 which have been used for 
semipolar GaN-based lasers.  




The EF process facets are formed using a reactive ion etch (RIE) that results 
in different angles for the c+ and c- facets due to surface polarity effects. EF facet 
inclinations can be > 5°, which results in low mirror reflectivity and quality.51 The 
CF process has also proven unsuitable for semipolar GaN lasers because the large 
energy cost associated with forming new c-plane surfaces results in cracked and 
generally poor surface morphology LD facets.52 Contrarily, the PF process LD facet 
angle is 2-3° for both facets as the facet inclination angle depends on the way the 
LD chip is mounted for polishing.50 The atomic force microscope (AFM) RMS 
roughness of PF mirrors is ~ 5 nm, which results in higher reflectivity facets and 
improved mirror quality for semipolar edge-emitting laser designs.50 The PF 
process has a higher yield than the CF process and the improved TCO PF process 
has comparable yield to the EF process. 
The planar-TCO PF process traveler is based on the PF process detailed in 
Appendix A.3 of Reference 52. Our LD samples are electrically and optically 
screened using an In dot quick test prior to any processing, therefore the preliminary 
step is In dot removal and solvent cleaning of the sample. In is removed using a  
standard aqua regia acid etch, consisting of a 1:3 HNO3:HCl mixture. Following 
the aqua regia clean, the samples are reactivated at 600 °C to drive out any H that 
may have gotten incorporated in the p-GaN during the acid clean. The p-GaN 
reactivation is followed by a thorough solvent clean consisting of 3 min Acetone, 
Isopropanol and DI water dips.  




The planar-TCO PF LDs were fabricated using a self-aligned ridge 
waveguide process, which provides higher confinement factor than broad area laser 
due to the index contrast between the semiconductor and the insulating sidewall 
dielectric. The lithography mask set for this process consisted of varying widths 
(1.6, 1.8, 2.0, 4.0 and 8.0 m) and varying lengths (600 m, 900 m and 1200 m). 
The main process steps are detailed in Fig. 2.13. The lithography used to define the 
laser mesas serves also as a mask for the dielectric liftoff. As depicted in Fig. 
2.13(a), it consists of ~250 nm of non-photosensitive photoresist (PR) to provide 
the dielectric liftoff undercut (LOL 2000) and ~1.8 m of positive resist (SPR 955 
CM-1.8) for mesa definition. The ridge waveguides were defined using a BCl3/Cl2 
reactive ion etch, which stops 100 nm above the QWs. Following the waveguide 
etch. 250 nm of SiO2 was deposited via sputtering for electrical isolation, as shown 
in Fig. 2.13 (c). The SiO2 on top of the ridges was then lifted off to expose the top 
surface of the laser stripes for the deposition of ZnO, shown in Fig. 2.13 (d).  
Following the SiO2 liftoff, the samples were cleaned in two-step process to 
remove organic and oxide residue- thorough cleaning of the sample is critical to 
high quality aqueous solution deposition of ZnO. The organic residue was removed 
with a 10 min RCA standard clean (1:1:5 NH4OH:H2O2) solution heated to 80 
oC, 
which leaves an oxide residue.53 The oxide residue was removed with a 10 min etch 
in a 1:1 HCl:H2O solution. A 780 nm thick undoped ZnO layer was then  





Figure 2.13 Step by step fabrication sequence for the TCO PF process, showing an individual 
ridge’s profile for (a) ridge lithography, (b) RIE ridge etch, (c) sputter deposition of dielectric, (d) 
dielectric liftoff, exposing top of the ridge for TCO deposition, (e) aqueous deposition of ZnO seed 
layer, (f) aqueous deposition of fully coalesced ZnO second layer, (g) thin metal deposition,  
(h) p-contact pad deposition and (i) n-contact deposition after dicing and polishing of the laser chip.  
 
 




deposited on the exposed p-GaN surface using low temperature aqueous solution 
deposition, the details of which are discussed in Chapter 2.2.1 The first ZnO layer 
consisted of a 200 nm thick, partially coalesced ZnO seed layer. The seed layer 
growth was catalyzed at 90 oC by adding ammonium hydroxide (NH4OH) to a zinc 
nitrate hexa-hydrate (Zn(NO3)2:6H2O) and ammonium nitrate (NH4NO3) solution. 
To ensure good electrical contact and adhesion, the fully-coalesced ZnO layer was 
deposited using a 90 oC solution of zinc nitrate hexa- then annealed at 500 oC in N2 
for 15 minutes in a rapid thermal anneal (RTA) system. A second 580 nm thick, 
hydroxide (Zn(NO3)2:6H2O), trisodium citrate (NaC6H5O7) and ammonium hydrate 
(NH4OH).  
The small sample chip size and face-down sample alignment during 
hydrothermal deposition ensured uniform ZnO solution concentrations over the 
deposition area. Fig. 2.14 (a)-(b) show optical micrographs of how aqueously 
deposited ZnO only grows on the exposed GaN on top of the LD mesas. Further 
investigations by scanning electron microscopy (SEM) showed that although there 
is no deposition of ZnO on the SiO2 covered field, there are ZnO residue particles 
that remain on the dielectric, as can be seen in Fig. 2.14 (c)-(d). The amount of 
residue is related to how well the LD sample is cleaned prior to the ZnO aqueous 
deposition.  
After the ZnO deposition, 30 nm of Ti was deposited by electron beam  






Figure 2.14 Hydrothermally grown ZnO grows preferentially on exposed p-GaN. Optical 
microscope images show (a) uniform ZnO ridge coverage and (b) discontinued ZnO ridge coverage 
due to possible air bubbles in the growth solution or surface impurities. SEM images of the (c) seed 
ZnO layer and (d) second ZnO layer show that while ZnO doesn’t grow on SiO2, there is ZnO 
residue and particulates that can deposit on the dielectric. The residue density can be mitigated by 
extensive pre-deposition cleaning and sonication.  
 
evaporation along the entire length of the laser ridges and then 30/1000 nm Ti/Au 
was deposited also by electron beam evaporation to form a 60 m wide p-contact 
pad, as shown in Fig. 2.13 (g)-(h). The thin Ti layer extended beyond the p-contact 
pad lengthwise on the LD ridges to ensure uniform current injection. The thin Ti 
layer also serves to avoid the metal peeling off the ZnO during the polishing 




of the facets. The thin metal lithography uses negative resist (AZ n-LOF 2020) 
while the p-contact pad lithography uses a thick bilayer resist (OCG 825/SPR 955 
CM-1.8) to enable clean liftoff of ~1 m of metal. One key development of the 
TCO PF process is the elimination of the HCl acid cleaning step between the thin 
metal lithography and metal deposition. HCl attacks TCOs, especially ZnO, and 
strips them off the LD mesas, therefore the UV ozone is the only cleaning step for 
this lithography, meant to remove any organic contamination prior to electron beam 
metal evaporation.54   
The LD sample was then diced to form laser bars with a cavity length of  
600 m, 900 m and 1200 m. The dicing sequence was another improvement on 
the baseline PF process. The original PF process yield was limited by the dicing 
step because several ridge p-contacts would get chipped and damaged by the dicing  
 
Figure 2.15 (a) The dicing via of the polished facet mask set, zoomed in in (b) to show how the 
two-cut dicing sequence reduces dicing damage to the LD ridges and their respective p-metal pads. 
The two-cute sequence results in a dicing gap that is ~ 200 m wide.  
 




blade due to the narrow dicing via (a little over 350 m wide via). Without changing 
the mask’s dicing via dimensions and without changing the ADT Dicing Saw’s 
dicing blade cut and spindle speed, we reduced dicing damage by introducing a 
double-cut dicing sequence. Using a diamond coated 2.187-4C-30RU-3 blade, the 
first cut was made 150 m deep with a cut speed of 3mm/sec and spindle speed of 
35 kRPM. The second cut used the same blade and settings and cut all the way 
through the sample and tape. This two-cut dicing method increased the overall 
device yield of the planar-TCO PF process. As can be seen in Fig. 2.15, the cut gap 
resulting from the double-cut dicing was on average ~150 m and ~200 m at the 
most chipped regions. most chipped regions. This is a marked improvement over 
the original single-cut dicing sequence which resulted in cut gaps as wide as  
350 m. 
An Allied High Tech MultiPrep 8” system and 3M polishing films were 
used for polishing the laser facets. The planar-TCO PF process incorporated a 
different sample mounting setup than the original PF process. As can be seen in 
Fig. 2.16 (a)-(b), the diced sample is mounted at the edge of a cross-sectional chuck. 
The parallelity of the sample’s edge with respect to the chuck’s edge affects the 
facet’s inclination angle, LD ridge yield and overall mirror quality. In the PF 
process, the LD sample was sandwiched between two glass slides, but in the planar-
TCO PF process, the sample was corralled with double side polished (DSP) 




sapphire (Al2O3) pieces using hot crystal wax. Instead of placing the sapphire piece 
underneath the LD sample, it was placed behind the sample, as seen in  
Fig. 2.16 (a). This allowed better leverage and maneuverability while aligning the 
sample to the chuck’s edge. The edges of the top sapphire corral are rough from 
scribing. To eliminate the debris that results while first polishing the sapphire, the 
top corral overhangs the LD sample edge. The polishing direction also affects the 
amount of debris that can be accumulated between the sample and the top corral.  
In the counter-clockwise (CCW) polishing direction, the polishing film hits the top 
of the ridges of the sample first and any polished material is removed away from 
the LD-corral interface. In the clockwise (CW) direction, the polishing film hits the  
 
 
Figure 2.16 (a) Top view of the facet polish setup, showing the LD bar corralled by DSP sapphire 
and aligned parallel to the edge of the polishing chuck. (b) side view of the chuck position during 
polishing. The platen rotation, CW or CCW determines which side of the LD bar the polishing film 
sees first and well as the direction of polishing residue removal. (c) side view of the corralled LD 
chip, mounted for polishing. The arrows indicate how polishing residue is removed away from the 
LD chip-DSP corral interface. The CCW rotation facilitates lower residue buildup at on the 
polishing surface.  
 





Table 2 .5 Polishing sequence detailing the grit size grade, polishing film material, and polishing 
depth and time per grit size. The polish depth is measured with respect to the edge of the thin Ti 
contact layer on the LD ridges and is annotated on the PF mask set to monitor the polishing depth 
during polishing. The transparency of the top DSP sapphire corral and wax bond used to mount the 
sample allow for continuous monitoring of the polishing depth.   
 
 
sample substrate first and polished material is removed towards the LD-corral 
interface, which facilitates debris accumulation on the ridges or on the facet during 
polishing. Such additional debris can damage the LD facet or delaminate the TCO 
and/or the p-contact metal.  This is undesired, so for the laser device discussed in 
Chapter 2.5, the CCW polishing direction, shown in Fig. 2.16 (b)-(c), was used. 
Each facet was polished using diamond polishing films, with film grit size graded 
from 6.0 m to 0.1 m. Facet polishing was completed using 0.05 m alumina and 
0.02 m silica polishing films. Table 2.6 lists all the polishing films’ material, grit 
size and polishing parameters. All polishing was done at 60 RPM with a spindle 
load of 5-6. If the final polish is closer than ~20 m from the thin metal edge on 
the ridge, the p-metal and TCO can get damaged or delaminated. The parallelity of  
 





Figure 2.17 SEM side view of the polished facet of a planar (202̅1) LD with ZnO top 
cladding. The hydrothermally deposited bilayer ZnO, the p-contact and dielectric 
are clearly visible. There are no striations or polishing-induced scratches on the 
ridge facet, indicating good polishing quality. The whole facet is also in focus, 
which indicates acceptable alignment parallelity of the laser bar to the edge of the 
polishing chuck.  
 
 
the sample’s alignment to the chuck greatly affects the polish depth uniformity 
across the length of the sample’s facets. The laser fabrication was completed with 
the deposition of a 50/300 nm Al/Au common back side contact via electron beam 
evaporation, illustrated in Fig. 2.13(i). Fig. 2.17 shows an SEM image of the facet 
of a fully processed laser, where the epitaxial layers, SiO2, ZnO bilayer and p-
contact pad are clearly visible. This is a good example of facet that doesn’t suffer 
any TCO or p-contact delamination.  




2.5 Device results   
The laser device discussed in this section was grown on a free standing 
(202̅1) semipolar GaN substrate provided by Mitsubishi Corporation using 
atmospheric pressure metalorganic chemical vapor deposition (MOCVD).  The LD 
structure had a 630 nm Si-doped GaN template, a 380nm n-GaN cladding layer, a 
70 nm thick n-In0.08Ga0.92N WG, an active region consisting of three 4.8 nm 
In0.2Ga0.8N QWs and four 7.6 nm GaN QBs, a 30 nm thick p- In0.08Ga0.92N WG, a 
10 nm Al0.21Ga0.79N EBL, a 325 nm p-GaN layer, and a 10 nm p+ GaN contact 
layer. The WG design chosen for this work, which was a 70/30 nm n-/p-
In0.08Ga0.92N WG, had 3% lower  and 12 % lower i, compared to the 50/50 nm 
n-/p-In0.08Ga0.92N WG. The simulated optical mode profile of the LD is shown in 
Fig. 2.18(a) and corresponded to a  and i, of 5.2 % and 12.8 cm-1, respectively.   
Figure 2.18(b) shows the light-current-voltage (L-I-V) characteristic for a 
1.6 m wide by 1200 m long blue LD. The current dependent spectra, which 
exhibit a peak wavelength of 453 nm above threshold, are depicted in Fig. 2.18(c), 
while Fig. 2.18(d) shows the far field pattern above threshold. The device was 
tested under pulsed electrical injection with a pulse width of 1.0 s and a duty cycle 
of 1%. Lasing was achieved at a threshold current (Ith) of 166 mA, a threshold 
current density (Jth) of 8.6 kA/cm
2 and threshold voltage (Vth) of 10.3 V. The 
differential resistance (Rd) was 9  at currents greater than 166 mA. The single 




facet slope efficiency (sl) was 0.37 W/A which corresponds to a single facet d of 
13.5%. Assuming equal power output from both facets, the experimental d for 
both facets was 27%.  
The experimental d value is lower than the 32% d predicted by optical 
modeling for this p-GaN thickness. We partly attribute the lower experimental d 
to interface scattering loss,55 contributed by the roughness of the interface between 
p-GaN and the ZnO seed layer. The ZnO seed layer doesn’t fully coalesce so there 
are gaps at this interface, whose average size was estimated to be ~ 33 nm from 
SEM analysis. Improvements in the aqueous solution chemistry are expected to 
increase the coalescence of the ZnO seed layer and thus reduce interface scattering 
loss contributions.   
CTLM analysis of ZnO on p-GaN (data courtesy of Asad Mughal) resulted 
in a specific contact resistivity, c, value of 0.0066 /cm2 for hydrothermally 
deposited UID ZnO. At the threshold current of the LD whose L-I-V is shown in 
Fig. 2.18, this c indicates that the ZnO layer contributes ~1.52 V to the LD 
operating voltage. The threshold voltage of 10.3 V of our laser is 1.4 V higher than 
the threshold voltage of a similar structure planar (202̅1) LD with had ITO top  





Figure 2.18 (a) Transverse mode profile and refractive index as a function of distance in the growth 
direction. (b) Pulsed L-I-V characteristics. (c) current dependent spectra and (d) the far field pattern  
cladding.4 This comparison suggests that some of the extra voltage in our ZnO top 
clad device is due to the electrical properties of ZnO. Therefore, further 
optimizations hydrothermal deposition solution chemistry and annealing conditions 
should be done to reduce the ZnO c. of a 1.6 m wide by 1200 m long LD. 
Introducing dopants and optimizing their concentrations during ZnO hydrothermal 
deposition could improve the electrical properties of ZnO and lower its contribution 




to the overall device operating voltage.18 Compared to the same  similar planar 
substrate LD structure with ITO top cladding mentioned above,4 this ZnO top clad 
laser showed a marked improvement in single facet slope efficiency and optical 
power output power. This result in agreement with the optical modeling prediction 
that a planar substrate LD with ZnO top cladding would have lower internal mode 
loss and higher differential efficiency compared to a planar substrate LD with ITO 
top cladding.  
3.6 Summary  
 In summary, we have investigated replacing ITO with ZnO as TCO is the 
the top cladding layer in planar substrate, semipolar (202̅1) III-nitride LDs. 
Numerical modeling indicated that replacing ITO with ZnO reduces the internal 
loss and threshold gain and increases the differential efficiency for a transparent 
conducting oxide clad LD design due to the relatively low optical absorption in 
ZnO. Lasing was achieved at 453 nm with a threshold current density of 8.6 kA/cm2 
and a threshold voltage of 10.3 V in a ZnO clad (202̅1) III-nitride LD. This was 
the first demonstration of using ZnO as a top cladding layer and further 
optimizations of the ZnO quality are expected to result in improved LD 
performance. 
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HIS chapter introduces the limited area epitaxy (LAE) - transparent 
conducting oxide (TCO) laser design that resulted in the demonstration of 
a (202̅1) laser with AlGaN bottom cladding and Sn-doped In2O3 (ITO) top 
cladding. Having demonstrated that ZnO can be used as an alternative TCO to 
ITO in a planar substrate semipolar (202̅1) laser in Chapter 2, the next 
development milestone was the simultaneous incorporation of LAE-enabled  
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AlGaN bottom cladding and a TCO top cladding in a semipolar laser diode (LD). 
This chapter presents the LAE-TCO concept in Chapter 3.2 and its benefits are 
studied through optical modeling in Chapter 3.3. The fabrication process 
development and the device results and analysis are presented in Chapter 3.4 and 
3.5, respectively, to complete the chapter. As is discussed in Chapter 3.5, 
incorporating ITO top cladding onto an LAE (202̅1) laser structure resulted in 
lasing being achieved at 446 nm with a threshold current density of 8.5 kA/cm2 
and a threshold voltage of 8.4 V.  
 
3.2 Design concept  
 
 As discussed in Chapter 1.XX, the bottom cladding design of semipolar 
III-nitride laser diodes is limited by stress relaxation through misfit dislocations 
that form via the glide of pre-existing threading dislocations (TDs),1,2 whereas the 
top cladding is limited by the growth time and temperature of the p-type layers.3–5 
These design limitations have individually been addressed by using limited area 
epitaxy (LAE) to block TD glide in n-type AlGaN bottom cladding layers,6 and 
by using transparent conducting oxide (TCO) top cladding layers to reduce the 
growth time and temperature of the p-type layers.7 In addition, a TCO-based top 
cladding should have significantly lower resistivity than a conventional p-type 
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(Al)GaN top cladding.8 The goal of this work is the simultaneous incorporation of 
both these methods to demonstrate an LAE-enabled n-AlGaN bottom clad 
semipolar laser that has TCO top cladding. Fig. 3.1 shows the LAE-TCO 
semipolar laser design concept with ITO in the top cladding layer. By enabling 
the use of n-AlGaN in the bottom cladding, LAE makes it possible to use thinner 
p-GaN in the top cladding, which reduces thermal damage to the quantum wells 
(QWs) and the contribution from the top cladding to the overall device resistance. 
In addition, the design increases the index contrast in the laser waveguide, which 
increases the confinement factor of the lasing mode. We consider both ITO and 
ZnO as options for the top cladding TCO, even though ITO is depicted in Fig. 3.1. 
The LAE-TCO LD design facilitates numerous Al composition values in the 
AlGaN bottom cladding in addition to design knobs such as the InGaN waveguide  
 
FIG. 3.1.  The LAE-TCO semipolar laser design concept. The TCOs considered for this design 
were ITO and ZnO, with ITO shown in this figure. The yellow layer is p-AlGaN EBL layer. The 
layer thicknesses and compositions used for optical modeling are detailed in Table 3.1 
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(WG) layer asymmetry and p-GaN thickness in the top cladding. The next section 
will explore the semipolar LAE-TCO design space and benefits through optical 
modeling of the LAE-TCO LD and evaluate the benefits of replacing ITO with 
ZnO in the top cladding layer.  
3.3 Optical modeling  
 The optical modeling for the LAE-TCO device builds on the optical 
modeling performed for the planar TCO device discussed in Chapter 2.3. 
Incorporating LAE-enabled n-AlGaN bottom cladding allows for thinner p-GaN 
in the top cladding and higher index contrast in the laser waveguide. The index 
contrast is affected by the AlN fraction in the AlGaN bottom cladding. 
Additionally, as seen in Chapter 2.3, the choice of TCO in the top cladding affects 
the internal mode loss (i) of the device. All these parameters and their effect on 
the confinement factor () and i were investigated through FIMMWAVE 
software simulations.9  
 Fig. 3.1 outlines the baseline laser structure used in the optical modeling 
with layer specific details tabulated in Table 3.1. The modeled device layer 
sequence consisted of a (202̅1) free-standing GaN substrate, a Si2H6-doped GaN 
template, followed by an n-cladding comprised of an AlGaN/GaN modulation-
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doped short period superlattice (SPSL), having a total thickness of ~1 m. 
Following the n-cladding, the structure consisted of an InGaN n-waveguide (WG) 
layer, an undoped three QW active region, a p-AlGaN electron blocking layer 
(EBL), an InGaN p-WG, an Mg-doped GaN p-cladding and a TCO layer. 
The n-AlGaN bottom cladding’s overall AlN fraction is a geometric 
average between the AlN fraction of the AlGaN and GaN layers in the SPSL, with 
each layer being 2.5 nm thick for an SPSL period of 5 nm. To get an average Al 
composition of 5%, like the example listed in Table 3.1, the SPSL layers are 
Al0.1Ga0.9N and GaN. Even with LAE, strain relaxation limits and dictates Al 
composition and AlGaN thickness, therefore Al composition is a parameter that 
merits optimization. In the FIMMWAVE simulations the AlN fraction was varied 
from 0-12% to see its effect on confinement factor and internal mode loss.  
As detailed in Table 3.2, the AlGaN AlN fractions simulated were 1%, 
3%, 5%, 6%, 8%, 10% and 12%.  These values were based on the critical 
thickness calculations done by Young et. al.,10 which showed that for our highest 
simulation Al composition value of 12%, the critical thickness of Al0.24Ga0.76N, 
which would be the AlN fraction required in the AlGaN layer of the SPSL, was 
over 10 nm on the (202̅1) plane,10,11 which is a thickness we expect to grow 
coherently with the LAE method using MOCVD. The AlGaN refractive index 
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Table 3.1 Layer sequence example of LD used for optical modeling. The p-GaN top cladding 
thickness was varied from 10 nm to 900 nm; the example listed in this table has 200 nm p-GaN.  
The AlN mole fraction in the n-AlGaN bottom cladding was varied in the simulations with the 
values used being 0%, 1%, 3%, 5%, 6%, 8%, 10% and 12%. The layers with the highest 
individual loss contribution are highlighted in bold in the last column. For this p-GaN thickness, 
the quantum wells, the electron blocking layer and the p-cladding contribute significantly to the 
overall internal loss, accounting for ~45 %, ~10% and ~22% of the total device loss, respectively. 
Doping optimization is expected to mitigate these layers’ loss contribution.  
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Table 3.2 The AlN fraction values and respective calculated refractive indices used for the LAE-
enabled n-AlGaN bottom cladding in the FIMMWAVE simulations of the LAE-TCO LD design.  
 
 
for each AlN fraction was calculated by taking a geometric average of the AlGaN 
and GaN refractive indices in the respective SPSL, using values from Goldhahn 
et.al.12 
 
 The layer thickness listed in Table 3.1 which were used for the 
FIMMWAVE modeling were also the same layer thicknesses in the demonstrated 
device, which will be discussed in Chapter 3.5. Like the planar-TCO LD design, 
the LAE-TCO design also uses an Mg-doping grade in the p-GaN layer of the top 
cladding. We use an increasing doping grade in the direction of growth because 
absorption loss increases with increased doping,13,14 so the gradual Mg doping 
increase is intended to reduce the p-GaN layers’ contribution to loss without 
compromising electrical properties. The p-GaN cladding layer is therefore 
tabulated as four different layers in Table 3.1.  
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The individual layer refractive indices and absorption coefficients for 
GaN, InGaN, and AlGaN that were used in the FIMMWAVE model were taken 
from Goldhahn et. al.12 Both ITO and ZnO were investigated in the modeling 
even though the first LAE-TCO demonstration used ITO as the TCO in the top 
cladding. At 450 nm, which the wavelength used in the optical modeling, the 
refractive index of both ITO and ZnO is 2. The ITO refractive index was taken 
from Hardy et. al.7 and the ZnO refractive index was taken from Reading et. al.15 
The absorption coefficient of ITO of 2000 cm-1 and the absorption coefficient of 
UID ZnO of 100 cm-1 were also taken from References 7 and 15, respectively.  
In line with the previous modeling, the optical modeling of the LAE-TCO 
device assumes free carrier absorption to be the main contribution to internal loss. 
The absorption coefficients for the III-nitride layers were adapted from Kioupakis 
et. al,13 using the same assumptions detailed in Chapter 2.3. Secondary ion mass 
spectroscopy (SIMS) measurements were used to determine the carrier 
concentration of the individual layer of the LD structure, excluding the QWs, 
whose carrier concentration was calculated from published estimates and adapted 
to our device’s threshold conditions.16 SIMS gives doping values per each layer 
and we are again assuming 100% activation for the purpose of these optical mode 
simulations.  
FIMMWAVE calculates the confinement factor and the internal loss and 
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then those values are used to calculate threshold material gain (gth) and 
differential efficiency (d), using Equations 2.1 and 2.2, detailed in Chapter 2.3. 
In this work, we assumed uncoated laser facets and an injection efficiency (i) 
value of 65%.16 The modeling results presented here used the fundamental TE 
mode values calculated using the real FMM solver in FIMMWAVE. 
Mirroring the investigation in Chapter 2.3, the first goal of the optical 
modeling was to determine how thin the p-GaN layer in the top cladding can be 
without infringing on the lateral confinement of the optical mode.  We determined 
this thickness limit by evaluating the dependence of  and i on p-GaN thickness 
ranging from 20 nm to 550 nm, for both ITO and ZnO (TCO thickness kept fixed 
at 250 nm), using the LD structure shown in Fig. 3.1 and detailed in Table 3.1 as a 
baseline. A planar-TCO (n-GaN bottom cladding) semipolar design was included 
in the modeling in order to directly see how this design differed from the LAE-
TCO (n-AlGaN bottom cladding) semipolar design. The n-GaN bottom cladding 
was simulated as a 0% AlN fraction layer in the FIMMWAVE modeling LD 
structure. 
 Fig. 3.2 shows the dependence of confinement factor on p-GaN thickness 
for the varying Al compositions in the n-AlGaN bottom cladding. The TCO 
material does not affect the confinement factor for a given Al composition value 
because ZnO and ITO have almost identical refractive indices in the blue and 
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Figure 3.2 Dependence of confinement factor on p-GaN thickness in the top cladding for laser 
structures with various Al compositions in n-AlGaN bottom cladding. Confinement factor values 
are independent on the TCO choice in the blue region of the spectrum, so only the results for a 
device with ITO in the top cladding layer are included in this figure for clarity.
 
green regions of the spectrum.  Only the  values of the ITO top clad LAE-TCO 
LD are shown in this figure, since the  values are identical for both ITO and 
ZnO top clad designs, for all p-GaN thicknesses and Al compositions. For all p-
GaN thicknesses, the confinement factor increases with increasing Al composition 
in the n-AlGaN bottom cladding. This behavior is expected because as the AlGaN 
refractive index decreases with increasing Al composition, the index contrast of 
the waveguide increases, thus increasing the confinement factor.  
The confinement factor increases as the p-GaN thickness in the top 
cladding decreases, before experiencing a sharp drop-off at a p-GaN thickness of 
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100 nm. This relates to the minimum p-GaN thickness in the top cladding which 
ensures lateral mode confinement. As the p-GaN gets thinner, the peak intensity 
of the optical mode has a higher spatial overlap with the QWs as well as more 
overlap with the high loss p-AlGaN EBL, p-InGaN WG, and p-GaN layers. 
Figure 3.3 shows the 2D mode profiles for device structures with Al0.05Ga0.95 
bottom cladding and 50, 100 and 200 nm of p-GaN in the top cladding. The 
distance between the bottom of the ridge waveguide and the top of the active 
region is fixed at 100 nm for all three structures, so the ridge depth decreases as 
the p-GaN thickness decreases.  
For p-GaN thicknesses of less than 100 nm, the optical mode has poor 
lateral confinement due to the shallow etched ridge waveguide and  decreases 
significantly, as depicted in Fig. 3.3(a). This behavior is valid for all Al 
compositions simulated, as can be seen in Fig. 3.2. For AlN fractions of 8% or 
 
Figure 3.3 2D mode profiles showing the lateral confinement of the mode for p-GaN thicknesses 
of (a) 50 nm, (b) 100 nm, and (c) 200 nm in the top cladding layer for device structures with  
n-Al0.05Ga0.95 bottom cladding and ITO in the top cladding layer. The distance between the bottom 
of the ridge waveguide and the top of the active region is fixed at 100 nm for all three structures.  
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higher, there is no mode solution for p-GaN thickness of less than 100 nm. As the 
p-GaN thickness becomes greater than 100 nm,  increases as the lateral mode 
confinement initially increases, as illustrated in Fig. 3.3(c). However, as the  
p-GaN thickness increases, the mode profile full width half max (FWHM) 
increases as the mode spreads out to the thicker p-GaN. The mode shape doesn’t 
change noticeably for p-GaN thicknesses above 450 nm, at which point  shows 
little dependence on varying p-GaN thickness.  
The dependence of the internal mode loss on p-GaN thickness for the 
various Al compositions is shown in Fig. 3.4. Unlike its effect on the confinement 
factor, the choice of TCO in the top cladding layer has a pronounced effect on 
internal mode loss of the LAE-TCO LD design. For all AlN fractions, ZnO top 
    
Figure 3.4 Dependence of internal mode loss on p-GaN thickness in the top cladding for laser 
structures with various AlN fractions in n-AlGaN bottom cladding with (a) 250 nm of ITO and (b) 
250 nm of ZnO in the top cladding layer.   
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cladding results in lower internal mode loss values than ITO top cladding. These 
results are justified, considering that the absorption coefficient values used for the 
FIMMWAVE simulations for ZnO and ITO were 100 cm-1 and 2000 cm-1, 
respectively.  
The i dependence on p-GaN thickness for both ZnO and ITO are plotted 
simultaneously for all simulated Al compositions in Fig. 3.5(a). The difference 
between the ZnO and ITO contributions to the overall internal mode loss is most 
noticeable for p-GaN thicknesses between 100 nm and 300 nm. To better 
highlight this difference, Fig. 3.5(b) shows the internal mode loss dependence on 
p-GaN thickness for both TCOs only for a laser structure with Al0.05Ga0.95N 
 
 
Figure 3.5 Effect of ITO and ZnO top claddings on the dependence of internal mode loss on  
p-GaN thickness in the top cladding for (a) laser structures with various Al compositions in  
n-AlGaN bottom cladding and (b) a laser structure with 5% Al composition in the bottom 
cladding. The filled blue symbol curves represent ITO top clad lasers while the open red symbol 
curves represent ZnO top clad lasers. 
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Table 3.3 Tabulated internal mode loss values for a laser structure with 5% Al composition in the 
bottom cladding comparing the effect of ZnO and ITO for various p-GaN thicknesses. The TCO 
thickness was fixed at 250 nm for both the ZnO and ITO top cladding variations. The rest of the 
simulated structure is the same as the LD tabulated in Table 31. 
 
bottom cladding. For this Al composition in the bottom cladding, the 
FIMMWAVE simulations, tabulated in Table 3.3, show that for p-GaN 
thicknesses of 100 nm, 150 nm and 200 nm, the ITO top clad device has 27.5%, 
21.4% and 13.8% higher internal mode loss than the same device has with ZnO 
top cladding, respectively. For p-GaN thicknesses between 100 nm and 200 nm, 
the difference between the effect of ZnO and ITO top cladding layers oni 
increases with increasing Al composition. But, for all Al compositions, this 
difference starts to decrease as the p-GaN thickness increases and becomes 
negligible for p-GaN thicknesses above 400 nm.  
As can also be seen in Figs.3.4 and 3.5(a), in the p-GaN thickness range 
between 100 nm and 400 nm the internal mode loss increases for the device with 
ITO top cladding but is relatively unchanged for the device with ZnO top 
cladding. This behavior can be explained by looking at the dependence  
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Figure 3.6 Dependence of  and  on p-GaN thickness for a laser structure with Al0.05Ga0.95N 
bottom cladding, comparing 250 nm of ITO and ZnO in the top cladding. The dotted green lines 
denote the p-GaN thicknesses whose transverse mode profiles are plotted in Fig. 4.7(a) - (e). 
 
of the mode overlap with the TCO on p-GaN thickness. Fig. 3.6 shows the 
dependence of the confinement factor and internal mode loss on p-GaN thickness 
and for a laser structure with Al0.05Ga0.95N bottom cladding, while comparing 250 
nm of ZnO and ITO in the top cladding. The transverse mode profiles for p-GaN 
thicknesses of 50 nm, 100 nm, 200 nm, 300 nm, 400 nm and 500 nm in the top 
cladding of this laser design are then plotted in Fig. 3.7. The plots in Fig. 3.7 
include only the results for ITO top cladding because for a given p-GaN 
thickness, the mode profile and its overlap with the TCO layer is independent of 
the TCO in the blue region of the spectrum, given that the ZnO and ITO refractive  
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Figure 3.7 Transverse mode profile and refractive index as a function of distance in the growth 
direction, showing mode overlap with the TCO for 250 nm of ITO and (a) 50 nm of p-GaN  
(b) 100 nm of p-GaN (c) 200 nm of p-GaN (d) 300 nm of p-GaN (e) 400 nm of p-GaN and (f) 500 
nm of p-GaN in the top cladding for a laser structure with n-Al0.05Ga0.95N bottom cladding.   
indices are identical for these wavelengths, resulting in the same confinement 
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factor for both TCO’s for a given Al composition and a given p-GaN thickness. 
The mode intensity for 50 nm of p-GaN in the top cladding in Fig. 3.7(a) is very 
low as there is poor lateral mode confinement, which correlates with Fig. 3.3(a). 
Recall that Figs. 3.3(b)-(c) show that the lateral mode confinement 
improves for p-GaN thicknesses between 100 nm and 400 nm. As the p-GaN 
thickness increases, the mode overlap with the TCO decreases, a behavior that 
holds for all Al compositions in the bottom cladding. This means that the higher 
contribution of ITO top cladding to the LD’s internal mode loss is attributed to its 
assumed absorption coefficient (2000 cm-1), which is much higher than that 
assumed of ZnO (100 cm-1).  As the p-GaN thickness increases beyond 400 nm, 
the mode overlap with the TCO is minimal and the choice of TCO has negligible 
effect on the internal mode loss. These results match the findings of Section 2.3  
 
Figure 3.8 Dependence of threshold material gain on p-GaN thickness in the top cladding for laser 
structures with various Al compositions in the n-AlGaN bottom cladding for (a) 250 nm of ITO 
and (b) 250 nm of ZnO in the top cladding layer.  
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with regards to the difference between the contribution of the ZnO and 
ITO to the overall internal mode loss of a laser design for a given p-GaN 
thickness in the top cladding layer. The reduction in internal mode loss by 
replacing ITO with ZnO remains a key advantage of the LAE-TCO laser design. 
The dependences of gth and d on p-GaN thickness for both TCOs are 
shown in Figs. 3.8 and 3.10, respectively. For these calculations, the cavity length 
and mean reflection coefficient, R,17 were assumed to be 1200 m and 0.18, 
respectively, corresponding to a mirror loss of 14.3 cm-1. The differences between 
the effects of ZnO and ITO top cladding on both gth and d are compared for the 
various Al compositions in the bottom cladding and the simulation results for 
each parameter are tabulated for 5% Al in the bottom cladding in Tables 3.4 and 
3.5, respectively. 
In accordance with the  and i trends shown in Figs. 3.2 and 3.4, the 
mode has poor lateral confinement for p-GaN thicknesses of less than 100 nm, 
which means that gth increases substantially for both ZnO and ITO top clad 
devices. Fig. 3.8(a) shows that for an ITO top clad LD, for a given Al 
composition in the bottom cladding, for all p-GaN thicknesses of greater than 100 
nm, gth exhibits little dependence on p-GaN thickness because both  and i 
increase with decreasing p-GaN thickness, roughly canceling the effects of one 
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another on gth.   
In slight contrast, Fig 3.8(b) shows that for a ZnO top clad LD, for p-GaN 
thicknesses greater than 250 nm, the threshold material gain increases for 
increasing Al composition in the bottom cladding. This is most prominent for Al 
compositions higher than 6% because the dependence of the confinement factor 
on p-GaN thickness for these Al compositions starts to converge for p-GaN 
thicknesses higher than 250 nm. Since gth is inversely proportional to  and 
directly proportional to i and given that for each Al composition, the i for a 
device with ZnO top cladding is relatively unchanged for p-GaN thicknesses 
greater than 250 nm, the confinement factor has a higher impact on threshold  
       
Figure 3.9 Effect of ITO and ZnO top claddings on the dependence of threshold material gain on  
p-GaN thickness in the top cladding for laser structures with various Al compositions in  
n-AlGaN bottom cladding. The filled blue symbol curves represent ITO top clad lasers while the 
open red symbol curves represent ZnO top clad lasers. 
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Table 3.4 Tabulated threshold material gain values for a laser structure with 5% Al composition in 
the bottom cladding comparing the effect of ZnO and ITO for various p-GaN thicknesses. The 
TCO thickness was fixed at 250 nm for both the ZnO and ITO top cladding variations. The rest of 
the simulated structure is the same as the LD structure tabulated in Table 3.1. 
 
material gain than internal mode loss does for LAE devices with ZnO top 
cladding. Therefore, the tradeoff between higher  and higher gth for increasing 
Al composition in the bottom cladding is important to consider when choosing the 
optimal p-GaN thickness for the LAE-TCO design. 
 
The choice of TCO in the top cladding has a marked effect on threshold 
material gain for p-GaN thicknesses between 100 nm and 300 nm, independent of 
the Al composition in the bottom cladding. To better illustrate this difference, the 
dependence of gth on p-GaN thickness for both ZnO and ITO top clad LDs was 
plotted for all Al compositions in the bottom cladding in Fig. 3.9.  For p-GaN 
thicknesses between 100 nm and 300 nm, the gth for the devices with ZnO top 
cladding is considerably lower than the gth for the devices with ITO top cladding, 
for all Al compositions in the bottom cladding.  
Table 3.4 tabulates the gth dependence on p-GaN thickness for 
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devices with n-Al0.05Ga0.95N bottom cladding and compares the gth values for ZnO 
and ITO top claddings, both TCO shaving a thickness of 250 nm.  For this bottom 
cladding Al composition, the calculated gth values show that for p-GaN 
thicknesses of 100 nm, 150 nm, and 200 nm, the device with ITO top cladding has 
17.3%, 12.9% and 8.0% higher gth values than the same device would have with 
ZnO top cladding, respectively. Just like for the rest of the Al composition in the 
bottom cladding, the difference between the ZnO and ITO effect on gth values 
starts to decreases for p-GaN thicknesses greater than 250 nm and becomes 
negligible for p-GaN thicknesses above 400 nm.  
  Fig. 3.10 shows the dependence of d on p-GaN thickness for the various 
Al compositions in the bottom cladding. d depends on i, which is highly 
affected by the TCO material in the top cladding, as seen in Figs. 3.4 and 3.5. As 
 
Figure 3.10 Dependence of differential efficiency on p-GaN thickness in the top cladding for laser 
structures with various Al compositions in the n-AlGaN bottom cladding for (a) 250 nm of ITO 
and (b) 250 nm of ZnO in the top cladding layer. 
 
CHAPTER 3.  INDIUM TIN OXIDE TOP CLADDING LIMITED  
AREA EXPITAXY LASER DESIGN 
 
 86 
shown in Fig. 3.10(a), for all Al compositions in the bottom cladding, LD 
structures with ITO top cladding, have lower d than LD structures with ZnO top 
cladding. For p-GaN thicknesses between 100 nm and 300 nm, the d of ITO top 
clad devices decreases rapidly for decreasing p-GaN thicknesses because the i of 
ITO top clad devices increases rapidly for decreasing p-GaN thicknesses, for all 
n-AlGaN bottom cladding Al compositions. Contrarily, the i of the devices with 
ZnO top cladding remains relatively unchanged with decreasing p-GaN thickness, 
therefore the d values of devices with ZnO top cladding change less with 
decreasing p-GaN thickness, for all Al compositions in the bottom cladding.  
The d dependence on p-GaN thickness for both ZnO and ITO are plotted 
simultaneously for all simulated Al compositions in Fig. 3.11(a). The difference 
between the ZnO and ITO top cladding effects on d is most prominent for p-GaN 
thicknesses between 100 nm and 300 nm. Fig. 3.11(b) emphasizes the benefits of 
replacing ITO with ZnO in the top cladding by showing the dependence of d on 
p-GaN thickness for only 5% Al in the bottom cladding.  
Table 3.5 tabulates the calculated d values for this Al composition for 
both ZnO and ITO. As can be seen, for p-GaN thicknesses of 100 nm, 150 nm, 
200 nm and 250 nm, the ZnO top clad device has 17.3%, 12.9%, 8.0%, and 4.9% 
higher differential efficiency than the ITO top clad device, respectively. For  
p-GaN thicknesses higher than 300 nm, for this Al composition as well as all  
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Figure 3.11 Effect of ITO and ZnO top claddings on the dependence of differential efficiency on  
p-GaN thickness in the top cladding for (a) laser structures with various Al compositions in  
n-AlGaN bottom cladding and (b) a laser structure with 5% Al composition in the bottom 
cladding. The blue filled symbol curves represent ITO top clad lasers while the red open symbol 






Table 3.5 Tabulated differential efficiency values for a laser structure with 5% Al composition in 
the bottom cladding comparing the effect of ZnO and ITO for various p-GaN thicknesses. The 
TCO thickness was fixed at 250 nm for both the ZnO and ITO top cladding variations. The rest of 
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others, the ZnO and ITO cladding layers have negligible effect on i. Therefore, 
d shows little dependence on p-GaN thickness and is independent of the TCOs in 
the top cladding. Mirroring its effect on internal mode loss, the improvement of 
replacing ITO with ZnO in the top cladding is considerable and should have a 
higher impact for lasers designs that have lower internal mode loss. 
 
 
3.4 Process development  
The LAE-TCO semipolar lasers were fabricated through a modified 
polished facet (PF) process that built on the planar-TCO PF process discussed in 
Section 2.4, which will be referred to as LAE-TCO PF process henceforth. The 
merits of the PF process were discussed in Section 2.4. The LAE-TCO PF process 
for ITO top clad devices requires different steps than the LAE-TCO PF process 
for ZnO top clad devices. ITO was used in the top cladding of the first 
demonstrated LAE-TCO device, which will be discussed in Section 3.4, because 
electron beam deposition of ITO is a simpler process than the aqueous deposition 
of ZnO. Therefore, this section will focus on the LAE-ITO PF process. The full 
LAE-ITO PF process is based on Appendices A.3 and A.5 of Reference 3.  
The first step of the LAE-TCO PF process for an ITO top clad semipolar 
LD is the pre-growth LAE patterning of the free standing (202̅1) GaN substrate.  
etching 1 m deep mesas into the The LAE patterning consists of a dry 
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substrate and an elaborate acid and solvent clean. The mesa height was optimized 
to block TD glide during MOCVD epitaxial growth.3 For the lasers discussed in 
Chapter 3.5, the mask used to pattern the LAE mesas was Mask #2 from the PF 
mask set, which has 4 m, 8m, and 14 m wide stripes.  
The LAE stripes are patterned using a single SPR 220-3.0 photoresist (PR) 
mask. The mesas are etched using a BCl3/Cl2 reactive ion etch (RIE) and are ~1 
m deep, as mentioned above. LAE patterned samples must be rigorously cleaned 
to be epi-ready. To that end, designated glassware and tweezers are used for the 
LAE process as well as the following acid and solvent clean: the sample is first 
dipped in HCl for 5-6 min then it is solvent cleaned using ACE, ISO and DI while 
rotating at 500 RPM on a flat Teflon solvent spinner chuck. The cleanliness of the 
solvent spinner chuck was found to affect the quality of the MOCVD growth 
surface therefore a designated LAE-only solvent spinner chuck is used. The  
 
 
Figure 3.12 Processed LAE mesa on a (202̅1) substrate prior to MOCVD device growth. The 
mesa shown is 8 m wide and etched just a little over 1 m.  
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sample is cleaned with each solvent for 45 seconds and DI rinsed for 1 minute. 
Fig. 3.12 shows an example 8 m wide mesa from a finished LAE process on a 
(202̅1) substrate. At this point the sample is vacuum sealed until the LAE-
patterned substrate is ready to be grown on in the MOCVD reactor. 
Similarly, to the TCO PF process, the LAE-ITO PF process fabricates LDs 
using a self-aligned ridge waveguide process. The lithography mask set for this 
process consisted of varying widths (1.6, 1.8, 2.0, 4.0 and 8.0 m) and varying 
lengths (600, 900 and 1200 m). The main process steps are detailed in Fig. 3.13. 
The first steps of this fabrication happen before the MOCVD growth of the LD 
structure, shown in Figs. 3.13(a)-(b). After growth and p-GaN activation, the LD 
fabrication continues with the ridge lithography, which was used to define the 
laser mesas and as a mask for the dielectric liftoff. As depicted in Fig. 3.13 (c), it 
consisted of ~250 nm of non-photosensitive photoresist (PR) to provide the 
dielectric liftoff undercut (LOL 2000) and ~1.8 m of positive resist (SPR 955 
CM-1.8) to define the LD ridges.  
The ridge waveguides were defined using a BCl3/Cl2 reactive ion etch, 
which stops 100 nm above the QWs. Following the waveguide etch, 250 nm of 
SiO2 was deposited via sputtering for electrical isolation, shown in Fig. 3.13 (e). 
The SiO2 on top of the ridges was then lifted off to expose the top surface of the 
laser stripes for the blanket deposition of ITO, shown in Fig. 3.13 (f). 250 nm of  
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Figure 3.13 Step by step fabrication sequence for the LAE-ITO PF process, showing an individual 
ridge’s profile for (a) LAE pre-growth mesa patterning (b) MOCVD growth of laser structure, (c) 
ridge lithography, (d) RIE ridge etch, (e) sputter deposition of dielectric, (f) dielectric liftoff, 
exposing top of the ridge for TCO deposition, (g) electron beam deposition of ITO (h) lithography 
for ITO MHA etch, and (i) MHA etch of ITO which removes ITO from the field. 
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ITO were deposited using electron beam evaporation, with the sample stage 
heated to 250 oC. Electron beam deposition of ITO is not preferential so the whole 
chip surface is covered in ITO. ITO top cladding requires longer processing than 
ZnO top cladding because and additional lithography and dry etch are required to 
remove the ITO from the field in between ridges. As shown in Fig. 3.13(h), the 
lithography consisted of a bilayer of LOL 2000 and n-LOF 2035.When using the 
PF mask set, this lithography requires a vertical pass shift so that a given ridge 
contains ITO along its whole length. This pass shift was optimized to be  
± 185 m from the center of the p-contacts’ mask.   
The ITO patterning was achieved through a methane-hydrogen-argon 
(MHA) RIE dry etch. The MHA etch had been problematic in previous ITO top 
clad laser devices because ITO residue redeposits during the ending O2 cleaning 
step of the RIE etch. This issue was mitigated by breaking up the actual MHA 
etch and introducing a 50 second O2 cleaning step for every 5 minutes of MHA 
etch. The details of the optimized MHA-O2 cleaning RIE sequence are tabulated 
in Table 3.6.  
After the ITO patterning, 30 nm of Ti was deposited by electron beam 
evaporation along the entire length of the laser ridge and then 30/1000 nm Ti/Au 
was deposited also by electron beam evaporation to form a p-contact pad, as is  
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Table 3.6 Tabulated RIE etch conditions for the methane-hydrogen-argon (MHA) etch that 
removes ITO from the field and leaves it only on top the LD ridges. The oxygen cleaning in 
between the MHA etch steps proved crucial in reducing re-deposition of ITO on the sample during 
the RIE etch.  
 
 
shown in Fig. 3.14(a)-(b). Just like in the TCO PF process, the thin Ti layer 
extended beyond the p-contact pad lengthwise on the LD ridges to ensure uniform 
current injection. The thin metal lithography uses negative resist (AZ n-LOF 
2020) while the p-contact pad lithography uses a thick bilayer resist (OCG 
825/SPR 955 CM-1.8) to enable clean liftoff of 1 m of metal. Another similarity 
with the TCO PF process is the elimination of the HCl acid cleaning step between 
the thin metal lithography and metal deposition to preserve the quality of the ITO. 
The UV ozone is the only cleaning step for the thin metal lithography, which is 
used to remove any organic contamination prior to electron beam metal 
evaporation.18   
The sample was then diced to form laser bars with a cavity length of 600  
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Figure 3.14 Continued step by step fabrication steps for the LAE-ITO PF process, showing (a) 
thin metal deposition, (b) p-contact deposition and (c) n-contact deposition after dicing and 
polishing of the laser chip.  
 
m, 900 m and 1200 m. The same double pass dicing sequence that was 
detailed in Section 2.3 was used for the LAE-ITO PF process. A diamond coated 
2.187-4C-30RU-3 blade was used for dicing. Following dicing, the laser bars 
were polished with the same polishing films and sequence as discussed in Chapter 
2.4 and detailed Table 2.5. The laser fabrication was completed with the 
deposition of a 50/300 nm Al/Au common back side contact via electron beam 
evaporation, illustrated in Fig. 3.14 (c). Fig. 3.15 shows an optical microscope top 
view image of a fully processed LAE-ITO laser bar. 
 
3.5 Device results   
 The LD structure discussed in this section, whose structure is depicted in  
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Figure 3.15 Optical microscope top view image of a finished LAE-ITO PF fabricated LD chip. 
Misfit dislocations (MDs) are visible in the field in between LAE mesas but no MDs are visible 
within LAE mesas. One of the ITO top clad LD ridges is pointed out to show how the LD ridges 
align on top of the LAE mesas. The thin metal clearly extends beyond the length of the  
p-contact pad to cover the full LD ridge, as can be seen for all ridges in this image. 
 
Fig. 3.1, had a  of 6.3 % and i of 19.7 cm-1.  The simulated optical mode profile 
for the LD structure is shown in Fig. 3.16(a). The structure consisted of a 600 nm 
Si-doped GaN template, a 215 period Al0.1Ga0.9N/GaN modulation-doped short 
period superlattice (SPSL) n-cladding with a total thickness of ~1 m and average 
AlN fraction of 5%, a 50 nm n-In0.08Ga0.92N waveguiding layer, an undoped 
active region consisting of three 4.8 nm In0.2Ga0.8N QWs and four 7.6 nm GaN 
QBs, a 10 nm p-Al0.21Ga0.79N EBL, a 50 nm p-In0.08Ga0.92N waveguiding layer, a 
190 nm p-GaN layer, and a 10 nm p+ GaN contact layer. The doping 
concentrations of the Al0.5Ga0.95N n- cladding, In0.08Ga0.92N n-waveguide, 
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In0.08Ga0.92N p-waveguide, and GaN p-cladding measured by SIMS were 2 x 10
18 
cm-3, 2.9 x 1018 cm-3, 1 x 1019 cm-3, and 1.3 x 1019 cm-3, respectively.   
200 nm was chosen considering the tradeoff between simulated  and i 
values of the LD and calculated p-GaN resistance values.19 The p-GaN resistance 
calculations used our device geometry and assumed p-GaN resistivity of 0.4  
-cm, as reported from Castiglia et. al.20 As discussed in Chapter 3.3,  decreases 
with increasing p-GaN thickness at a slower rate than i decreases with increasing  
p-GaN thickness. Our goal is to make p-GaN as thin as possible in the top 
cladding: given that optical simulations showed that a p-GaN thickness of 100 nm 
is the lower bound for ensuring mode confinement, we compared , i and 
resistance values for p-GaN thicknesses of 100 nm, 200 nm and 300 nm, as shown 
in Table 3.7.  
Quantitatively,  for 200 nm of p-GaN is 7.0 % lower than  for 100 nm, 
while for 300 nm of p-GaN is 12.8 % lower than  for 100 nm. i for 200 nm of 
p-GaN is 22.2 % lower than i for 100 nm of p-GaN, while i for 300 nm of p-
GaN is 36.8 % lower than i for 100 nm of p-GaN.   While the rapid decrease in 
internal loss with thicker p-GaN is optically favorable, the resistivity of 300 nm of 
p-GaN is 50 % higher than the resistivity of 200 nm of p-GaN. Considering also 
p-GaN growth temperature and time with the tradeoff between , i and p-GaN  
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Table 3.7 Evaluation of the effect of increasing p-GaN thickness in the top cladding on LD 
confinement factor and internal mode loss and p-GaN resistance contribution, based on optical 
modeling values and resistance calculations done our device geometry, assuming a p-GaN 
resistivity of 0.4 -cm. 
 
 
resistance, we chose 200 nm for this demonstration, sacrificing a little higher i 
for higher  and lower p-GaN resistance contribution to the overall device. 
Figure 3.16(b) shows the measured light-current-voltage (L-I-V) 
characteristic of a 1.8 m wide by 1200m long ridge waveguide LD with 
uncoated facets. The device was tested under pulsed electrical injection with a 
pulse width of 1s and 1% duty cycle. Lasing was achieved at a threshold current 
(Ith) of 184 mA, a threshold current density (Jth) of 8.5 kA/cm
2, and a threshold 
voltage (Vth) of 8.4 V.  The differential resistance (Rd) was 9.9 for currents 
corresponds to a single facet differential efficiency (d) of 7.53%. Assuming 
equal power output from both facets, the experimental d was 15.06 %. The 
current dependent spectra in Fig. 3.16(c) shows a single emission peak centered at 
446 nm. The LD far field pattern is shown in the inset. 
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Figure 3.16 (a) Transverse mode profile and refractive index of the LD as a function of distance in 
the growth direction, (b) pulsed L-I-V characteristics and (c) current dependent spectra of a 1.8 m 
wide by 1200 m long LD. The far field patter is shown in the inset. 
greater than 200 mA and single facet slope efficiency (sl) was 0.21 W/A, which  
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The experimental d of 15.06% is much lower than the simulation d 
value of 27.3 % that was predicted for this laser by FIMMWAVE modeling. 
Differential efficiency is highly dependent on laser mirror facet quality. We were 
unable to measure L-I-V characteristics from both facets because the device failed 
and got damaged after the current dependent spectra measurement, so we have no 
direct comparison of the laser’s two facets polishing quality. We expect that 
improved facet polishing will result in higher differential efficiency. Another 
factor to consider, is the LD’s experimental internal mode loss. This laser 
structure’s mode loss could’ve been higher than expected due to possible poor 
quality of the ITO. The deposition conditions of the heated stage, electron beam 
deposited ITO used for this laser demonstration were not optimized. The 
deposition conditions in the e-beam system used to deposit ITO are sometimes 
non-repeatable, so it is possible that the ITO deposited on the LD chip was 
nonuniform and possibly a different thickness than that expected from our 
calibration ITO deposition.  
A first-glance comparison of the optical modeling and device 
characteristics of this blue-emitting (202̅1) LAE-ITO LD with those reported by 
Hardy et.al. in Reference 7 for a blue-emitting (202̅1) planar substrate-ITO LD 
would suggest that n-GaN bottom cladding resulted in higher confinment factor 
than n-AlGaN for an ITO top clad device. However, the n-GaN clad LD reported 
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by Hardy et. al. had a different active region than the blue n-AlGaN clad LD 
demonstrated in this work. Specifically, Hardy et. al. had an active region 
consisting of a 3 period 4.5/10 nm InGaN/GaN QW/QB active region,7 while our 
design has a 3 period 4.8/7.6 nm InGaN/GaN QW/QB region.19 The active region 
design of our n-AlGaN clad design was also used for the n-GaN clad comparison 
LD in the optical modeling discussed in Chapter 3.3. The thinner barriers in the 
active region correspond to a higher confinement factor for the n-GaN clad 
design. It is noteworthy to point out that the threshold current density, Jth reported 
in Hardy et. al. for the n-GaN clad design is different than our n-AlGaN design 
because the two devices have different dimensions and different threshold 
currents, Ith. The blue n-GaN clad LD reported in Hardy et. al. was a 7.5 m x 
1800 m long LD, which lased at Ith of 880 mA, while the blue n-AlGaN clad LD 
reported in this letter was a 1.8 m x 1200 m long LD, which lased at Ith of 184 
mA. The laser stripe dimensions account for the lower threshold current density, 
Jth, reported by Hardy et. al.   
 
 
3.6 Conclusions    
In summary, we have investigated the LAE-TCO design for (202̅1) III-
nitride LDs for various Al compositions in the AlGaN bottom cladding layer and 
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ITO and ZnO top cladding layers. Numerical modeling indicated that increasing 
the Al composition in the bottom cladding increases the LD’s confinement factor 
and internal mode loss, while replacing ITO with ZnO reduces the lasers’ internal 
mode loss. The choice of TCO has negligible effect on the laser design for p-GaN 
thicknesses higher than 400 nm for all Al compositions simulated. Lasing was 
achieved at a threshold current of 184 mA, a threshold current density of 8.5 
kA/cm2, and a threshold voltage of 8.4 V for a 1.8 m wide by 1200 m long 
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Zinc oxide top cladding limited 







HIS chapter discusses the design used to demonstrate a (202̅1) limited 
area epitaxy-transparent conducting oxide (LAE-TCO) laser design using 
a ZnO layer in the top cladding. This laser had a high yield with pulsed lasing 
achieved for various mesa widths and lengths in the blue region of the spectrum. 
Furthermore, continuous wave (CW) operation was achieved for several 4 m x 
1200 m uncoated laser diodes (LDs). This was the first blue emitting CW LD 
demonstration on the (202̅1) plane at UCSB.  
T 
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 The chapter introduces additional optical modeling of the LAE-TCO 
design which investigates the minimum thickness of the n-AlGaN bottom 
cladding that would provide mode confinement without mode leakage into the 
substrate. The optimization of the solution chemistry for hydrothermal deposition 
of ZnO is an ongoing process: Chapter 4.3 details the new solution chemistry and 
structural characterization of ZnO films. The LAE-ZnO PF processing required 
additional development of the polishing sequence, which is discussed in Chapter 
4.4. Chapter 4.5 presents all the pulsed and CW light-current-voltage (LIV) 
characteristics of the devices that lased as well as their current dependent spectra 
and far field patterns. The results are summarized in Chapter 4.6 and Chapter 4.7 
lists possible future work for the semipolar LAE-TCO LD design.  
 
4.2 Device Optical Modeling and Design  
 In Chapter 3.2 the LAE-TCO LD FIMMWAVE optical modeling 
mapped out the tradeoff between confinement factor () and internal mode loss 
(i) by investigating the dependence of  and i on the following parameters: Al 
composition in the bottom cladding, p-GaN thickness, and TCO choice in the top 
cladding. One of the main LAE-TCO structure design goals is to reduce the 
overall internal loss of the device. One way to do that is to lower the loss 
contribution of individual layers. Loss increases with increasing alloy 
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composition,1 and since higher Al compositions result in higher confinement 
factor for this design,2 the thickness of the AlGaN bottom cladding should be 
optimized to both reduce the thickness of higher absorbing bottom cladding 
(compared to GaN bottom cladding) and reduce the relaxation in the overall 
epitaxial structure during MOCVD growth. 
 LAE pre-growth patterning of the substrate enables the incorporation of 
AlGaN bottom cladding in semipolar III-nitride laser design, as described in 
Chapter 1.4 and Chapter 3.3. The LAE stripe mesas are aligned parallel to the 
[1̅014] direction to block threading dislocation (TD) glide that results in c-plane 
slip.3 This stripe mesa alignment is concurrently beneficial for (202̅1) LD design 
due to in-plane gain anisotropy.4 The LAE stripe geometry and AlGaN thickness 
used for the device in Chapter 3 was based on the work done in Chapter 7 of 
Reference 3. The AlGaN bottom cladding in those devices, which was grown 
using a modulated doping short period superlattice (SPSL), had a total thickness 
of ~1 m.3,5 Even though LAE enables the growth of AlGaN well past its critical 
thickness for relaxation, it is still strained material therefore the thickness of the 
bottom cladding layer should be optimized. To this end, the dependence of  and 
i on varying n-AlGaN thickness and Al composition was modeled for both 
TCOs. This modeling study explored how thin the AlGaN bottom cladding can be 
for a given Al composition without compromising the mode confinements and 
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benefits of the LAE-TCO design.  
 The optical modeling performed in Chapter 4.2 utilized the LAE-TCO 
LD structure depicted in Fig. 3.1 and detailed in Table 3.1 as a baseline. Contrary 
to the simulations in Chapter 3.3, in this chapter’s subsequent simulations the  
p-GaN and TCO layer thicknesses in the top cladding were fixed at 200 nm and 
250 nm, respectively. All simulations were done at a wavelength of 450 nm, for a 
symmetric 8% In composition InGaN waveguide (WG), i.e. 50 nm/50nm n-/p-
In0.08Ga0.92N WG. The AlGaN bottom cladding thickness was varied from 0 nm to 
1000 nm, for 5% and 12% Al composition, and compared replacing ITO with 
ZnO in the top cladding layer.   
 The refractive index values, parameters and coefficients necessary for 
setting up the FIMMWAVE simulations were obtained and estimated in the same 
manner as was done for Chapters 2.3 and 3.3. Namely, the refractive indices for 
the III-nitride layers of the LD structure were taken or calculated from Goldhahn 
et. al.6  The absorption coefficients for the III-nitride layers were adapted from 
Kioupakis et. al.7, using the same assumptions detailed in Chapter 2.3.The 
refractive indices of ITO and ZnO were taken from Hardy et.al.8 and Reading 
et.al.9, respectively. The absorption coefficient of ITO of 2000 cm-1 and the 
absorption coefficient of UID ZnO of 100 cm-1 were also taken from References 8 
and 9, respectively. 
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Figure 4.1 Dependence of (a) confinement factor and (b) internal mode loss on the AlGaN bottom 
cladding for devices with 5% and 12 % Al composition in the bottom cladding and 250 nm of ITO 
or ZnO in the top cladding. For both Al compositions, the change confinement factor and internal 
mode loss is negligible for AlGaN thicknesses between 500 nm and 1000 nm.  
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 Fig. 4.1 shows the dependence of confinement factor and internal mode 
loss on the AlGaN thickness in the bottom cladding for Al compositions of 5% 
and 12%, for fixed p-GaN and TCO thicknesses of 200 nm and 250 nm, 
respectively, in the top cladding. We chose this p-GaN thickness because the 
modeling results in Chapter 3.3 suggested it offers a favorable tradeoff between  
and i. As expected, Fig. 4.1(a) shows that the confinement factor is independent 
of the TCO material in the top cladding for all AlGaN bottom cladding 
thicknesses for each Al compositions. This is expected, as the refractive index 
value for both ITO and ZnO in the blue region is 2, therefore the TCO choice 
doesn’t affect the overall index contrast profile of the structure. The refractive 
index decreases with increasing Al composition, so another expected result is the 
increasing confinement factor with increasing Al composition in the bottom 
cladding.  
 Fig. 4.1(a) shows that the confinement factor value is relatively unchanged 
for n-AlGaN thicknesses between 500 nm and 1000 nm, for both Al compositions 
modeled. This is important for optimizing the LAE-TCO design because it 
indicates that we can reduce the overall strain in the structure by growing a 
thinner n-AlGaN bottom cladding without sacrificing the confinement factor of 
the optical mode. For n-AlGaN thicknesses between 0 nm and 400 nm, the 
confinement factor decreases with decreasing AlGaN thickness in the bottom  
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Figure 4.2 (a) Dependence of confinement factor and internal mode loss on the AlGaN bottom 
cladding for devices with 5% Al composition in the bottom cladding and 200 nm of p-GaN and 
250 nm of ITO in the top cladding. The green dotted line denotes the n-AlGaN thickness of the 
structure whose transverse mode profile is shown in (b). An Al0.05Ga0.95N thickness of 500 nm 
doesn’t result in any mode leakage into the substrate.  
 
cladding, making these bottom cladding thicknesses unfavorable for the LAE-
TCO design.  
 Fig. 4.1(b) shows that the dependence of internal mode loss on AlGaN  
bottom cladding thickness follows a similar pattern to the dependence of the 
confinement factor. For n-AlGaN thicknesses between 500 nm and 1000 nm, the 
internal mode loss value is relatively unchanged. As expected, the devices with 
ITO top cladding have higher internal mode loss than the devices with ZnO top 
cladding for all AlGaN thickness and both Al compositions, because the assumed 
absorption coefficients of ITO and ZnO are 2000 cm-1,8 and 100 cm-1,9 
respectively. For AlGaN thicknesses between 0 nm and 400 nm, the internal mode 
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loss decreases with decreasing bottom cladding thickness. While this can be 
favorable, it comes with a reduction in confinement factor, although i decreases 
faster than  for both ITO and ZnO so design tradeoffs are possible.  
Although the dependence of andi on AlGaN thickness suggests that 
the mode confinement should be unaffected by thinning the bottom cladding, it is 
important to make sure the mode doesn’t leak into the substrate. Since  is 
relatively unchanged for AlGaN thicknesses down to 400 nm, as indicated by the 
green dotted line in Fig. 4.2(a), the transverse mode profile of the mode of a 
structure with 500 nm of AlGaN in the bottom cladding is plotted in Fig. 4.2(b). 
As can be seen in Fig. 4.2(b) the mode tail dies off in the GaN buffer layer, before 
it can see the substrate. This further supports an LAE-TCO design with thinner  
n-AlGaN bottom cladding.   
 To tests the effects of a thinner bottom cladding on device performance, a 
750 nm thick n-AlGaN layer was chosen to be experimentally tested. We chose 
this thickness based on the modeling results from Fig. 4.2 as a stable point for 
both confinement factor and internal mode loss. The waveguide asymmetry for a 
device with 750 nm of n-AlGaN and 200 nm of p-GaN and 250 nm of ZnO in the 
top cladding was investigated by modeling the dependence of  and i on the 
thickness of the n-In0.08Ga0.92N waveguide thickness. The modeling indicated that 
a structure with 60 nm of n-In0.08Ga0.92N and 40 nm of p-In0.08Ga0.92N resulted in 
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the best tradeoff between high confinement factor and low internal mode loss. For 
all these simulations as well as for the actual demonstrated device, ZnO was 
chosen as the TCO in the top cladding based on the simulation results in Chapter 
3.3, due to its promise for lower contribution to the LD mode loss compared to 
ITO top cladding.  
Attempting to further lower the overall strain relaxation in the laser 
structure, the LD whose device characteristics are discussed in chapter 4.5 had 
thinner quantum wells than the device demonstrated in Chapter 3.5. 
Experimentally, the design changes of thinning out the AlGaN in the bottom 
cladding and thinning the QWs are supported by fluorescence microscopy (FLM) 
characterizations of as-grown LAE III-nitride device surfaces. Fig. 4.3(a) shows 
the FLM image of a laser with 1 m thick AlGaN in the bottom cladding and 4.8 
nm thick QWs while Fig. 4.3(b) shows the FLM image of a laser with 750 nm of 
AlGaN in the bottom cladding and 3.7 nm QWs. Both these LD structures had a 
100 nm thick In0.08Ga0.92N waveguiding layer and 200 nm of p-GaN in the top 
cladding. As can be seen in Fig. 4.3(a), the sample with thicker AlGaN and QWs 
has a higher density of misfit dislocations on its LAE stripe mesas than the sample 
with thinner AlGaN and QWs, which is shown in Fig. 4.3(b). Non-basal slip 
(crisscross patterns) is observed in the field between the LAE strip mesas for both 
LD structures. This FLM comparisons is not definitive proof of the repeatable 
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Figure 4.3 Fluorescence microscope of LAE LDs with (a) 1 m thick AlGaN in the bottom 
cladding and 4.8 nm thick quantum well and with (b) 750 nm of AlGaN in the bottom cladding 
and 3.7 nm quantum wells. The structure with thicker AlGaN bottom cladding and thicker 
quantum wells has a higher density of misfit dislocations visible on the LAE stripe mesas.  
Non-basal slip is observed in the field between the LAE stripe mesas for both laser structures. 
 
improved device material quality through observing reduced density of strain 
relaxation related defects.  
 The full LD structure whose results are presented in Chapter 4.5 consisted 
of 600 nm Si-doped GaN template, followed by a 186 period Al0.1Ga0.9N/GaN 
modulation-doped SPSL n-cladding, having a total thickness of ~750 nm and 
average AlN fraction of 5%. Following the cladding, the structure consisted of a 
60 nm n-In0.08Ga0.92N waveguiding layer, an undoped active region consisting of 
three unintentionally doped (UID) 3.7 nm In0.2Ga0.8N QWs and four 7.6 nm GaN 
QBs, a 10 nm p-Al0.21Ga0.79N EBL, a 40 nm p-In0.08Ga0.92N waveguiding layer, a 
205 nm p-GaN layer, and 12 nm p+ GaN contact layer. ZnO was then deposited 
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using the hydrothermal method. The improved solution chemistry and additional 
ZnO film structural characterization will be presented in the next section.  
 
4.3 Characterization of ZnO film morphology  
Improving the solution stoichiometry of low temperature aqueous solution 
deposition of ZnO is an on-going process. This method of ZnO deposition, which 
can be applied to both light emitting diodes (LEDs) and LDs, was optimized for 
both semipolar and c-plane devices,9,10 but the solution chemistry of the ZnO seed  
 
Table 4.1 List of precursors amounts and anneal times for low temperature aqueous deposition of 
ZnO, for the semipolar and c-plane deposition sequences. All anneal times are 15 minutes. 
Solution chemistry courtesy of Asad Mughal 
 
layer for semipolar devices is different from that of c-plane devices.11 We’ll refer 
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to the solution chemistry used for ZnO growth on (202̅1) devices as the semipolar 
sequence and the solution chemistry used for ZnO growth on (0001) devices as 
the c-plane sequence. Both semipolar and c-plane sequences were successfully 
applied to (202̅1) planar-TCO lasers, but a systematic comparison of the structure 
and morphology of the two growth sequences on this crystal plane had not been 
conducted. To that end, ZnO was hydrothermally deposited on free standing 
(202̅1) bulk GaN substrates, using both the semipolar and c-plane sequences 
and4.1 details the precursor amounts and annealing conditions that were used for 
this comparison study.  
Fig. 4.5 shows the SEM top view images of the seed layer of ZnO for the 
two aqueous deposition solution chemistries. Fig. 4.5(a)-(c) shows the ZnO seed 
layer morphology that results from the semipolar sequence. As is observed, this 
layer grows in layered, lamellar-like stacks that are parallel to the growth surface, 
without fully coalescing. The zoomed-out SEM image in Fig. 4.5(b) shows that 
although it is not a fully coalesced layer, the ZnO lamellar-like features are very 
dense, closely packed and they cover the whole growth surface. Their size varies, 
as seen in Fig. 4.5(c): their width ranges from ~0.44 m to ~0.64 m while their 
length ranges from ~0.7 m to ~1.13 m.  
Fig. 4.5(d)-(f) shows the SEM top view images of the ZnO seed layer 
surface morphology that results from the c-plane sequence. Contrary to the 
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Figure 4.5 Top view SEM images of the ZnO seed layer using (a)-(c) the semipolar sequence and 
(d)-(f) the c-plane sequence. The semipolar sequence results in dense lamellar-like ZnO crystal 
stacks which the c-plane sequence results in higher film coalescence and protruding pillar like 
formations. The ZnO seed crystals vary in size for both deposition chemistry sequences.  
the samples were characterized using scanning electron microscopy (SEM). Table  
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semipolar sequence, the morphology resulting from the c-plane sequence solution 
chemistry indicates a more coalesced seed layer with pointed hexagonal pillar-like 
ZnO formations protruding from the film. The zoomed-out image in Fig. 4.5(e) 
shows a film that covers the whole growth surface without any visible gaps. The 
ZnO hexagonal pillars are mostly vertically aligned in the direction of the growth 
surface, but some of them are aligned along various directions. The diameter of 
the vertically aligned pillars ranges from ~190nm to ~370 nm. The length of the 
not-vertically aligned pillars is in the order of 600 nm.  
The surface morphology of the second ZnO layer for both solution 
chemistries is shown in the top view SEM images in Fig. 4.6. Fig. 4.6(a)-(c) 
shows the ZnO surface resulting from the semipolar sequence. The second layer is 
fully coalesced and has hexagonal features protruding from the planar ZnO 
surface towards the c+ projection, which has been observed before.11 These 
hexagonal features width ranges from ~2.2 m to ~2.7 m, as seen in Fig. 4.6(c). 
Contrarily, the ZnO second layer surface resulting from the c-plane sequence, 
shown in Fig. 4.6(d)-(f), is not fully coalesced, and has visible gaps in between 
staggered, flat features. These features, which are hexagonally shaped, seem to 
have different heights as suggested by the gaps in the layered/staggered surface. 
The features’ width ranges from ~2 m to ~2.6 m.  
Both samples were cleaved to observe the cross-sectional morphology of 
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Figure 4.6 Top view SEM images of the ZnO second layer using (a)-(c) the semipolar sequence 
and (d)-(f) the c-plane sequence. The semipolar sequence results in a fully coalesced planar 
surface which the c-plane sequence results in the staggered surface gaps.   
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Figure 4.7 Cross sectional SEM images of the ZnO second layer for (a)-(b) the semipolar solution 
chemistry and (c)-(d) for the c-plane solution chemistry. The semipolar sequence deposition 
results in a fully coalesced surface without structural gaps. Porosity of the ZnO layer is observed. 
In contrast, the c-plane sequence deposition results in surface gaps that extend throughout the 
whole film.   
 
 
the bilayer ZnO films. Fig 4.7(a)-(b) shows that the semipolar sequence results in 
a continuous, fully coalesced, albeit porous second ZnO layer. In contrast, the c-
plane sequence results in a ZnO second layer that isn’t fully coalesced as it  
consists of hexagonal pillars aligned vertically to the growth direction with clearly 
visible gaps between them. In addition, the interface between the ZnO seed layer  
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Figure 4.8 SEM top view images of ZnO deposited on LAE stripe mesas of an LD, showing (a) 
ZnO seed layer crystals on LAE stripe mesa, (b) ZnO 2nd layer on LAE mesa and ZnO residue that 
can deposit on the dielectric layer. Air bubbles that can form in solution during growth affect (c) 
ZnO growth on a planar surface and (d) interrupt ZnO continuity on LAE stripe mesas.  
 
 
and GaN is more porous for the c-plane sequence compared to the same interface 
for the semipolar sequence. Based on the SEM characterization of the surface and 
cross-sectional morphologies in this comparison study, the semipolar solution 
chemistry was used for the (202̅1) LAE-ZnO lasers discussed in Chapter 4.5. 
 Having looked at the morphology of ZnO deposited on a planar bulk 
substrate, it’s important to discuss what ZnO looks like deposited on an LAE 
(202̅1) substrate. The top view SEM images in Figs. 4.8(a)-(b) show that as 
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expected, ZnO films deposit only on exposed p-GaN on the LD ridges. However, 
if the sample is not properly cleaned before the two-layer deposition or sonicated 
in between the seed and second layer depositions, ZnO precipitates will form and 
deposit on the SiO2 surface. The precipitate density can be mitigated by reducing 
the amount of precursors available in the growth solution. Figs. 4.8(c)-(d) show 
the effect that possible air bubbles in the growth solution have on the ZnO surface 
covereage. Air bubbles can prevent ZnO from nucleating on the GaN surface, as 
is observed on a bulk (202̅1) surface in Fig. 4.8(c), and on the stripe mesas of an 
LAE-patterned (202̅1) LD sample, as can be seen in Fig. 4.8(d). Stirring the 
solution with a magnetic stir bar during the two-layer deposition is thus integral to 
conformal ZnO hydrothermal deposition.  
 
4.4 Device Fabrication  
 The laser devices discussed in this chapter were fabricated using an 
LAE-TCO polished facet (PF) process. This PF process is like the PF process 
used for devices with ITO top cladding in Chapter 3.4 but adapted for the low 
temperature aqueous deposition of ZnO. It will be referred to as LAE-ZnO PF 
process henceforth. The semipolar solution chemistry discussed in Chapter 4.3 
was used to deposit the ZnO on these devices. The facet polishing method was 
improved while developing the LAE- ZnO PF process and its respective 
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polishing sequence upgrades will be discussed as they happened during the 
fabrication process. 
 Just like the LAE-ITO PF process, the first step of the LAE-ZnO PF 
process is the pre-MOCVD growth LAE patterning of the free standing (202̅1) 
GaN substrate, using reaction ion etching (RIE) for mesa definition. As shown in 
Fig. 4.9(a), the LAE stripe mesas were 1 m deep into the substrate and had 
varying widths of 4 m, 8m, and 14 m. MOCVD growth of the III-nitride 
layers of the laser structure and p-GaN activation follow the LAE patterning step. 
The LAE-ZnO PF process uses a self-aligned ridge waveguide process to define 
LD ridges of varying widths (1.6, 1.8, 2.0, 4.0 and 8.0 m) and varying lengths 
(600 m, 900 m and 1200 m) through a bilayer lithography and an RIE etch, as 
noted in Fig. 4.9 (a). 
 MOCVD growth of the III-nitride LD structure is done on the LAE-
patterned substrates, depicted in Fig. 4.9(b). Next the laser ridge mesas are 
delineated: the ridge lithography, shown in Fig. 4.9(c), consists of ~250 nm of 
non-photosensitive photoresist (PR) to provide the dielectric liftoff undercut 
(LOL 2000) and ~1.8 m of positive resist (SPR 955 CM-1.8) to define the LD 
ridges. The ridge waveguides were defined using a BCl3/Cl2 reactive ion etch, that 
stops 100 nm above the QWs. Following the waveguide etch, 250 nm of SiO2 was 
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Figure 4.9 Step by step fabrication sequence for the LAE-ZnO PF process, showing an individual 
ridge’s profile for (a) LAE pre-growth mesa patterning (b) MOCVD growth of laser structure, (c) 
ridge lithography and RIE ridge etch, (d) sputter deposition of dielectric, (e) dielectric liftoff, 
exposing top of the ridge for ZnO deposition, (f) ZnO seed layer hydrothermal deposition, (g) ZnO 
2nd layer hydrothermal deposition, (h) Ti thin metal and Ti/Au top metal lithographies and metal 
depositions (i) Al/Au common back metal deposition.   
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deposited via sputtering for electrical isolation, shown in Fig. 4.9(d). The SiO2 on 
top of the ridges was then lifted off to expose the top surface of the laser stripes 
for the preferential hydrothermal deposition of the bilayer ZnO, shown in  
Fig. 4.9(e).  
The samples were cleaned for ZnO depositions using the same two-step 
acid cleaning process discussed in Chapter 2.4. The total ZnO thickness as 
measured by Dektak profilometry was 1.43 m. This is a much thicker ZnO 
thickness than desired and it highlights the poor thickness control that can happen 
during low temperature aqueous deposition of ZnO. After the hydrothermal ZnO 
deposition, which is shown in Fig. 4.9(f)-(g), 30 nm of Ti was deposited by 
electron beam evaporation along the entire length of the laser ridge for uniform 
current injection and then 30/1000 nm of Ti/Au metal was deposited also by 
electron beam evaporation to form a p-contact pad. The thin metal lithography 
uses negative resist (AZ n-LOF 2020) while the p-contact pad lithography uses a 
thick bilayer resist (OCG 825/SPR 955 CM-1.8) to enable clean liftoff of ~1 m 
of metal. The metal depositions are shown in Figs. 4.9(h)-(i). 
The sample was then diced to form laser bars with a cavity length of  
600 m, 900 m and 1200 m. The dicing conditions were optimized iteratively 
during the LD development in this thesis. The latest ADT dicing saw setup 
optimizations employed for the two-cut dicing sequence, which used a 53 mm 
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flange and a diamond coated 2.187.4C-9RU-3 blade, showed that the following 
dicing settings resulted in less dicing-induced chip damage: blade cutting speed at 
0.5 mm/sec, spindle rotation at 10 kRPM, first cut height of 0.33 mm and second 
cut height of 0.06 mm.  These settings were used to dice the lasers discussed in 
this chapter.  
Following dicing, the samples were wax-mounted on polishing chucks in 
the same way as described in Chapter 2.4. The facet polishing sequence had to be 
modified to reduce the chances of ZnO delamination. The tendency for 
delamination increase as the ZnO thickness increases.12,13 The polishing direction 
also affects the chances for delamination. In our polishing setup (refer to Fig. 2.16 
in Chapter 2.4) the clockwise polishing direction tends to accumulate more debris 
on the polishing surface because the polishing film hits the substrate first.  
Fig. 4.10 shows the polished facet damage that results in the delamination 
of the ZnO top cladding. The dark horizontal lines underneath the ZnO in  
Fig. 4.10(a) show the gaps that appears between the ZnO and the underlying  
p-GaN. Delamination can also occur to the dielectric as seen in Fig. 4.10(a) – (b). 
ZnO can also peel off from the p-GaN during polishing as can be observed in Fig. 
4.10(c). The amount of debris that can accumulate on the polishing surface 
increases when polishing for longer times with finer grit size films. Such debris 
can cause scratches and cracks and damage the facet surface considerably, as 
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pointed out in Fig. 4.10(a) and (d). The optical microscope images in Fig. 4.11 




Figure 4.10 Side view SEM images of polishing induced facet surface damage that resulted in  
(a)-(c) delamination of the ZnO top cladding and partly of the dielectric and (d) scratched and 
crumbled laser ridge and facet. 
 
 
crumbles and the facets are damaged. In cases where the intended polishing depth 
is exceeded or when the sample facet is not well aligned with the polishing 
chuck’s edge, this kind of polishing damage can affect a high number of ridges 
and decrease the device yield of the process.  
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Figure 4.11 Top view optical microscope image of polishing induced damage to (a) the chip edge 
and (b) to the laser ridges’ thin metal edges.  
 
 
 ZnO delamination and facet surface damage were mitigated by starting the 
facet polish with a much higher grit size, optimizing the polishing rotation 
direction, chuck oscillation and polishing times. Table 5.2 details the improved 
polishing sequence and Appendix A. IV discusses the polishing setup and steps in 
much more detail. Introducing the 30 m diamond polishing film helped speed up 
the initial polish which brings the surface of the sapphire corral and the laser’s 
facet flush with each other. In addition, reducing the polishing time of the final 
three grit sizes greatly reduced facet surface damage because there’s less time for 
polishing residue to accumulate and get stuck on the facet.  
This polishing sequence, during which the sample rotation was in counter 
clockwise (CCW) direction, also included spindle arm oscillation for the larger 
grit sizes and limited rotation of the chuck for the remaining grit sizes. These 
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Table 4.2 Polishing sequence detailing the expanded grit size grade, polishing film material, and 
polishing depth and time per grit size. The polish time of the finer grit size films was reduced 
dramatically from the times listed in Table 2.5 to decrease chances of delamination and polishing 
debris-induced surface damage to the laser facets. *The polish depth is measured with respect to 
the edge of the thin Ti contact layer on the LD ridges and is annotated on the PF mask to monitor 
the polishing depth during each polish round.  
 
settings facilitate efficient removal of the polished material from the facet-
polishing film interface. The laser fabrication was completed with the deposition 
of a 50/300 nm Al/Au common back side contact via electron beam evaporation, 
which is illustrated in Fig. 4.10(i). These PF fabricated LDs lased under pulsed 
and continuous wave operation. The next section will show and discuss the full 
extent of the LAE-ZnO laser device characterization.  
4.5  Device results  
 The (202̅1) LAE LD structure, whose results will be discussed in this 
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section, is shown in Fig. 4.12. It consisted of 600 nm Si-doped GaN template, 
followed by a 186 period Al0.1Ga0.9N/GaN modulation-doped SPSL n-cladding, 
having a total thickness of ~750 nm and average AlN fraction of 5%. Following 
the cladding, the structure consisted of a 60 nm n-In0.08Ga0.92N waveguiding layer, 
an undoped active region consisting of three unintentionally doped (UID) 3.7 nm 
In0.2Ga0.8N QWs and four 7.6 nm GaN QBs, a 10 nm p-Al0.21Ga0.79N EBL,  
a 40 nm p-In0.08Ga0.92N waveguiding layer, a 205 nm p-GaN layer, and 12 nm  
p+ GaN contact layer. The low temperature aqueous solution deposited ZnO  
bi-layer was 1.43 m thick. This thickness is higher than desired or necessary for 
a laser cladding, but we have poor control over film thickness when using low 
temperature aqueous solution or hydrothermal deposition of ZnO. Optical  
 
Figure 4.12 The LAE-ZnO semipolar LD layer structure for the devices discussed in Chapter 4.5. 
The orange layer above the active region is p-AlGaN EBL layer. The layer thicknesses and 
compositions are detailed above.  
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modeling done using the assumptions outlined in Chapter 3.3, indicate this 
structure had a  of 4.7% and ai of 15.09 cm-1. 
The pulsed light-current-voltage (L-I-V) measurement from the 900 m 
bar, followed by the pulsed results from the 1200 m bar will be discussed in 
Chapter 4.5.1. The laser bar mounting for CW operation and CW results from the 
900 m bar will be discussed in Chapter 4.5.2 to complete the section. The LAE-
ZnO PF process had a very high yield. Pulsed lasing was achieved from laser bars 
of different lengths: 900 m and 1200 m. The quality of the mirrors of the lasers 
on the 900 m long chip was much better than those of the 1200 m long chip. 
The poor mirror quality caused poor performance of the 1200 m chip, therefore 
length dependent analysis for internal parameters was not performed. After pulsed 
laser testing, the 900 m long chip was mounted on a Cu block and tested in 
continuous wave (CW) operation. CW operation was achieved for multiple 4 m 
wide x 900 m long LD ridges. This is the first CW operation demonstration of a 
blue LD grown on (202̅1) at UCSB.  
4.5.1    Pulsed operation device results   
The LAE-ZnO PF process had a very high yield. Unlike the LAE-ITO 
laser demonstrated in Chapter 3.5, pulsed lasing was achieved from all ridge 
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widths for the 900 m and 1200 m bar. This was the first semipolar TCO PF LD 
process to result in multiple, different length LD ridges that didn’t fail after the 
first or second L-I-V measurement and we believe it was facilitated by the better 
LD design and much improved polishing sequence. Thus, it was possible to 
measure the L-I-V from both facets for each lasing LD ridge and compare the 
polishing quality of a given LD bar’s mirror facet surfaces.  
It would be too cluttered and nonintuitive to plot the L-I-V curves for each 
ridge that lased on the 900 m bar. Instead the L-I-V for the ridge with the highest  
 
Figure 4.13 Pulsed L-I-V characteristics from each ridge width on the 900 m long PF bar. These 
are L-I-V curves from a single facet so they represent the highest single facet differential 
efficiency per given ridge width. The best double facet differential efficiencies per ridge width are 
tabulated in Table. 4.3.  
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single facet slope efficiency is plotted in Fig. 4.13, for each of the five ridge 
widths of the 900 m long bar. The devices were tested under pulsed electrical 
injection with a pulse width of 1s and 1% duty cycle. The slope efficiency, sl, 
expressed in units of W/A, is the slope of the L-I curve, calculated at currents 
higher than the threshold current, Ith.
14 The differential efficiency, d, per facet, 
can then be calculated using equation 4.1. To get the double facet slope and 
differential efficiencies of a ridge, the values of each facet are added together. For 
each ridge width that lased the threshold conditions and other L-I-V parameters 
for the ridges with the highest double facet differential efficiency are tabulated in 
Table 4.3. We picked the differential gain as a metric for evaluating the 
   
Table 4.3 Threshold conditions and other parameters attained from L-I-V characteristics for each 
ridge width on the 900 m long PF bar. Only the ridges with the highest double facet differential 









 ,   (𝐼 > 𝐼𝑡ℎ) (4.1) 
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replacement of ITO with ZnO in the top cladding and as a parameter directly 
related to LD wall plug efficiency.14  
The LIV curves in Fig. 4.13 show an increasing current threshold for increasing 
ridge width. The threshold current density, Jth, for all the ridge widths plotted in 
Fig. 4.13 is lower than the Jth of the LAE-ITO laser discussed in Chapter 3.5. The 
threshold voltage, Vth, follows a similar pattern: for all the ridge widths tabulated 
in Table 4.3, the Vth is lower than that of both the planar-ZnO and LAE-ITO LD 
devices reported in Chapters 2.5 and 3.5, respectively. The pulsed differential 
resistance has a spread, but is lower for the widest ridges. 
 The d values for these LDs, are in line with the d value attained from 
the planar-ZnO LDs reported in Chapter 2.5, with the 4 m wide ridge resulting 
in the highest d value of 36.8%. The power output, Pout, of these LAE-ZnO LDs 
showed a remarkable improvement over the blue TCO LDs reported in Chapter 
2.5 and 3.5,2 and the blue LAE LDs reported by Hardy et. al.5 The power output 
observed from the 4 m x 900 m ridge is the highest optical power output 
reported on (202̅1) from UCSB.  
Although this LAE-ZnO PF process was improved compared to the 
planar-ZnO and LAE-ITO PF processes, it is still affected by the alignment and 
parallelity of the LD bar to the polishing chuck edge and the uniformity of the 
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Figure 4.14 Pulsed L-I-V results showing the parameter value ranges for both facets of all the 900 
m long ridges that lased, including Jth for (a) facet A and (b) facet B; Vth for (c) facet A and (d) 
facet B; Rd for (e) facet A and (f) facet B. Facet A refers to the facet on which the ridge length is 
denoted in the PF mask set, namely the top facet seen in Fig. 4.11. 
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TCO in the top cladding. Mirror facet polishing quality is also affected by how 
much wax bond is between the LD bar and the top sapphire corral (the thinner the 
wax bond the better). All these factors and possible In composition fluctuations in 
the active region,15–18 as well as probe placement and contact during L-I-V 
characterization could have facilitated the considerable range in parameter value 
per given ridge width. To visualize the pulsed data spread, all parameters, 
including Jth, Vth, Rd, Pout, sl and d, for all the ridges that lased were plotted in 
Figs 4.15 and 4.16 for each facet of the 900 m long bar.  Furthermore, for all LD 
ridge widths, statistical analysis was done for each parameter for each facet. That 
analysis is shown in Tables 4.4 through 4.8, for ridge widths of 1.6 mm, 1.8 mm, 
2.0 mm, 4.0 mm and 8.0 mm, respectively.  
 Not all ridge widths had the same laser yield. The 1.6 m wide ridges had 
the lowest yield and the 2.0 m wide ridges had the highest LD failure going from 
measuring facet to measuring facet B. Facet A refers to the side of the LD bar on 
which the ridge length (i.e. 900 m or 1200 m) is marked on the PF mask set. 
An example of this demarcation is the top side of the bars shown in Fig. 4.11. 
Facet B is the opposite side, which is unmarked for all three ridge lengths on the 
PF mask set. The highest LD yield came from the 4 m and the 8 m ridges, with 
at least 10 lasers per facet for each width.  
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Figure 4.15 Pulsed L-I-V results showing the parameter value ranges for both facets of all the 900 
m long ridges that lased, including Pout for (a) facet A and (b) facet B; sl for (c) facet A and (d) 
facet B; d for (e) facet A and (f) facet B. Facet A refers to the facet on which the ridge length is 
denoted in the PF mask set, namely the top facet seen in Fig. 4.11.  
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Table 4.4 Average, standard deviation and optimal (lowest or highest, depending on parameter) 
values for pulsed L-I-V parameters including Jth, Vth, Rd, Pout, sl and d of the 1.6 m x 900 m 
LDs. Facet A had 3 L-I-V points while Facet B had 1 point per parameter. This ridge width had the 
lowest yield and the quality of the two facets can’t realistically be compared due to the lack of 
facet B data points. *The power output measurement was capped at 50 mW for when measuring 
facet A, therefore the power output between the two facets is so different. Judging from the one 
point, slope and differential efficiency values indicate that facet B had better polishing quality.  
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Table 4.5 Average, standard deviation and optimal (lowest or highest, depending on parameter) 
values for pulsed L-I-V parameters including Jth, Vth, Rd, Pout, sl and d   of the 1.8 m x 900 m 
LDs. Both facets A and B had 4 L-I-V points per parameter. The power output measurement for 
facet A was capped at 50 mW before realizing the LD quality; facet A was not remeasured for fear 
of burning out or damaging the ridges. The power output measurements for facet B were capped at 
500 mW so the power output between the two facets is so different. The different Rd values could 
be due to the probe contact or ZnO nonuniformity. Judging from this ridge width’s average and 
optimal values, facet B had better polishing quality and higher single facet differential efficiency. 
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Table 4.6 Average, standard deviation and optimal (lowest or highest, depending on parameter) 
values for pulsed L-I-V parameters including Jth, Vth, Rd, Pout, sl and d   of the 2.0 m x 900 m 
LDs. Facet A had 7 L-I-V points while Facet B had 3 point per parameter. This ridge width had the 
most failed devices going from facet A to facet B, as can is reflected in their respective number of 
data points. *The power output measurement was capped at 50 mW for when measuring facet A, 
therefore the power output between the two facets is so different. Facet B seems to have better 
polishing quality, but the lower number of data points and higher standard deviations make this 
observation inconclusive.  
CHAPTER 4.  ZINC OXIDE TOP CLADDING LIMITED AREA  




Table 4.7 Average, standard deviation and optimal (lowest or highest, depending on parameter) 
values for pulsed L-I-V parameters including Jth, Vth, Rd, Pout, sl and d of the 4.0 m x 900 m 
LDs. Facet A had 11 L-I-V points while Facet B had 10 point per parameter. This ridge width had 
high yield from both facets. The electrical parameters are comparable on average and optimally 
for both facets, while the single facet slope efficiency is higher for facet B. Overall, the data 
indicates that facet B had better polishing quality, in agreement with the observations made for 
this facet in Tables 4.4 - 4.6.  
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Table 4.8 Average, standard deviation and optimal (lowest or highest, depending on parameter) 
values for pulsed L-I-V parameters including Jth, Vth, Rd, Pout, sl and d of the 8.0 m x 900 m 
LDs. Facet A had 10 L-I-V points while Facet B had 11 point per parameter. This ridge width had 
high yield from both facets. The power output measurement for facet A was capped at 50 mW, 
while for facet B it was capped at 300 mW. The parameters are comparable for both facets, which 
indicates that possible ZnO or material nonuniformities are less noticeable for a wider ridge. 
Overall, the data indicates that facet B had better polishing quality, in agreement with the 
observations made for this facet for all the other PF ridge widths.  
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For all ridge widths, excluding the 4.0 m wide ridge, the maximum 
measurable Pout for facet A L-I-Vs was capped at 50 mW and the measurements 
were done before realizing the high quality and optical power output of the lasers. 
Facet A L-I-Vs were not repeated to avoid damaging or burning out the lasers 
after having measured facet B. That is the reason for the power output values 
being so different between the two facets, in Tables, 4.4 - 4.6 and Table 4.8. The 
reason for the different slope and differential efficiencies between the different 
 
 
Figure 4.16 Pulsed, current dependent spectra of a 1.6 m wide by 900 m long LD, emitting at 
445 nm for currents higher than the threshold current of 94.9 mA. This wavelength and spectra is 
representative of the other ridge widths from this PF laser bar.  
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facets of a given ridge width are due to different polishing quality. Judging from 
the data in Tables 4.4 – 4.8, facet B had better polishing and mirror facet quality. 
Fig. 4.16 shows the current dependent spectra for a 1.6 m wide by 900 m long 
LD. Single peak emission was achieved at 445 nm at a 2.37Ith current value. The 
900 m had uniform emission wavelength for the various ridge widths. Fig. 4.17 
shows the pulsed L-I-V far field patterns for 1.6 m, 1.8 m, and 8.0 m wide 
LDs. Multiple modes are visible in the far field pattern of the 8.0 m wide LD at 
currents much higher than threshold. Fig. 4.18 shows the pulsed temperature 
dependent L-I-V curves of a 4.0 m wide x 900 m long LD. The Ith increases 
with increasing stage temperature, as expected.  
 
 
Figure 4.17 Pulsed L-I-V far field patterns for (a) 1.6 m, (b) 1.8 m and (c) 8.0 m wide LDs. 
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Figure 4.18 Pulsed temperature dependent L-I-V for a 4.0 m wide x 900 m long LD, showing 
increasing Ith with increasing stage temperature. The inset shows the natural log of Ith versus stage 
temperature. The inverse of the slope of the linear fit of the ln(Ith) vs temperature data gives the To 




The LDs characteristic temperature, To, can be calculated by linearly 
fitting the dependence of the logarithmus naturalis of the threshold current on the 
measurement setup stage temperature; a dependence that is shown in the inset 
graph of Fig. 4.18, for a stage temperature ranging from 20 oC to 60 oC. The 
inverse of the slope of that linear fit is the laser’s To value.14 For the LD analyzed 
in Fig. 4.18, the To value was calculated to be 103.7 K. The characteristic 
temperature is a measure of the laser structure’s insensitivity to thermal changes 
during operation: a higher To value, indicates lower susceptibility of the device 
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performance to temperature fluctuations during lasing. This blue (202̅1) 
 LAE-ZnO To of 103.7 K is higher than the To for blue m-plane LDs reported by 
Farrell et.al.19 and lower than the To for green (202̅1) LDs reported by Sizov 
et.al.20 The blue (202̅1) LAE-ZnO To is expected to be lower than the green 
(202̅1) To because the shallower QWs are expected to have more carrier overflow.  
As mentioned, the mirror facet quality of the 1200 m bar was very poor 
because the ZnO delaminated during polishing, as shown in Figs. 4(a)-(b). Even 
with such poor facets, lasing was achieved from all the ridge widths on this bar. 
The devices were tested under pulsed electrical injection with a pulse width of 
1s and 1% duty cycle.  Fig. 4.19 shows the L-I-V characteristics for each ridge 
width for the 1200 m bar, choosing the LDs with the highest Pout per given ridge 
width. The laser performance parameters, attained from the L-I-V characteristics 
are tabulated in Table. 4.9. Fig. 4.12 show, as expected, that Ith increases with 
increasing ridge width and that the single facet Pout is much lower than the Pout 
observed for the same original PF chip’s 900 m long ridges. The Rd values are 
lower than those observed for the 900 m long ridges which could indicate either 
local increased uniformity of the ZnO layer or better probe contact during L-I-V 
testing. The single facet slope efficiencies and in turn differential efficiencies are 
as expected very low compared to the values observed from either facet of the 900 
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Figure 4.19 Pulsed L-I-V characteristics from each ridge width on the 900 m long PF bar. These 
are L-I-V curves from a single facet so they represent the highest single facet differential 
efficiency per given ridge width. The best double facet differential efficiencies per ridge width are 
tabulated in Table. 4.3.  
 
 
Table 4.9 Threshold conditions and other parameters attained from L-I-V characteristics for each 
ridge width on the 1200 m long PF bar. Only the ridges with the highest single facet optical 
power output are tabulated.  
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m long ridges. This correlates to the SEM imaging of the very poor quality of 
polishing that occurred for this PF laser bar. The 1200 m bar was polished 
before the polishing sequence improvements that were discussed in Chapter 4.4 
were developed and employed.  
 
4.5.2    Continuous wave operation device results   
Based on the promising pulsed L-I-V characteristics of the PF LAE-ZnO 
900 m long bar, discussed at length in the previous section, we decided to mount 
this LD bar on a Cu heatsink using Pb/Sn solder and test whether the lasers would 
lase in continuous wave (CW) operation. To prepare the samples for Cu heatsink 
mounting, an additional metal stack was deposited on top of the existing Al/Au 
common back metal. Prior to the additional back metallization, the 900 m bar 
was thoroughly solvent cleaned with a standard 2 min Acetone: 2 min 
Isopropanol: 2 min DI water rinse sequence. Following the solvent cleaning step, 
the sample was mounted with photoresist (PR) on a silicon piece and the 
following metal stack was electron beam deposited: 50 Å Ti – 300 Å Ni – 3000 Å 
Au. Ti ensures adhesion and Ni acts as a diffusion barrier.    Out of all the LD 
ridge widths that lased in pulsed mode on the 900 m bar, only the 4.0 m wide 
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Figure 4.20 CW double facet L-I-V characteristics for three 4.0 m wide by 900 m long LDs. 
Facet B was tested first. Thus, the optical power at which thermal rollover occurs for facet B’s L-I 
curves, denoted by open symbols, is higher than that at which thermal rollover occurs for facet A’s 
L-I curves, denoted by solid lines. The CW Rd values are much lower than the pulsed Rd values.  
 
ridges lased in CW mode. We could measure L-I-V characteristics for both facets 
for only three of the 4.0 m x 900 m LDs that lased in CW. Those double facet 
L-I-V characteristics are shown in Fig. 4.20.   
Facet B was measured first as can be seen by the higher rollover optical 
power observed in the L-I-V curves denoted by open symbols. While these lasers 
emitted light from both facets, their performance is nonuniform. The hero CW 
laser’s L-I-V parameter values were as follows: Jth was 10.43 kA/cm2, Vth was 
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Figure 4.21 CW L-I-V results showing the parameter value ranges for both facets of all the 900 
m long ridges that lased, including (a) Jth ; (b) Vth ; (c) Rd ; and (d) sl Facet A refers to the facet 
on which the ridge length is denoted in the PF mask set, visualized as the top facet seen in  
Fig. 4.11. 
 
5.77 V, Rd  was 1.07 , Pout  was 166.68 mW, single facet sl was 0.37 W/A while 
double facet sl was 0.63 W/A, corresponding to a double facet d of 22.59 %. 
The full spread of the all the CW laser parameters obtained for both facets of the 
4.0 m x 900 m LDs is shown in Fig. 4.21. The Rd of these CW LDs were quite 
low and comparable to green CW LD literature values.21  
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4.6 Conclusions    
In summary, we have improved the blue (202̅1) LAE-TCO design by 
thinning out the n-AlGaN bottom cladding, thinning out the QWs in the active 
region, replaced ITO with ZnO in the top cladding and optimizing the 
hydrothermal deposition solution chemistry and structurally characterizing the 
improved ZnO films and improving the polishing sequence for mirror facet 
formation. These optimization efforts resulted in a high LD yield PF process with 
improved pulsed L-I-V characteristics and the first CW LD demonstration on 
(202̅1) at UCSB.  
4.7 Future work   
The results attained in this dissertation, especially the LAE-ZnO CW 
devices, are very encouraging. There is still a lot of room for improvement and 
optimization. LAE has been used to demonstrate green emitting (202̅1) lasers,22 
so a natural next step is to push this design to longer wavelengths, initially 
towards green. Given that the index contrast between III-nitride alloys and GaN 
decreases as operating wavelength increases,23 the modeling results from Chapter 
3.3 and 4.2 indicated that LAE-enabled higher Al composition and thinner bottom 
cladding can be utilized in the push towards longer wavelengths.  The LD active 
region also has room for optimization, specifically: QW number and thickness, 
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QB thickness, EBL doping grade and growth temperature, and the In composition 
and total thickness of the InGaN waveguide. The p-GaN doping grade and growth 
temperature merit further optimization.  
CAIBE fabricated LDs have recently shown very promising results,24,25 so 
the CAIBE process should be applied the LAE-TCO LD facet formation to 
mitigate mirror facet quality nonuniformities that arise from the current polishing 
setup. The ZnO deposition method also has much room for improvement. 
Preliminary work has shown that using either atomic layer deposition (ALD) or 
electron beam deposition for the ZnO seed layer combined with hydrothermal 
deposition of the ZnO 2nd layer results in lower forward voltages in LEDs. 
Therefore, the ZnO top cladding deposition method merits further development 
and optimization. Finally, a systematic CTLM comparison study of the ITO and 
ZnO contact quality to the p-GaN layer on semipolar devices as well as on bulk 
 p-GaN should be performed to deconvolute the sources of the highest 
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